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________________________________________________________________  Abstract
Study o f  a  1-D  and  a 3-D  Detectors fo r  Application in R adiation Therapy
This work encompasses dosimetric studies of Ge-doped SiOi telecommunication 
fibre as a 1-D thermoluminescence (TL) system and the radiochromic plastic material 
PRESAGE™ as a 3-D dosimetric system, both for therapeutic applications. The therapy 
modalities used are a mercury arc lamp, a synchrotron microbeam facility, a superficial 
X-ray beam therapy facility and an electron linear accelerator, covering the energy range 
from a few eV to several MeV. The irradiations made included ultraviolet (UV) exposure 
at a power output of 9.85 - 10.50 mW cm'^, 90 kVp X-ray exposure delivered by a 
superficial X-ray unit, synchrotron radiation delivered at a mean energy of 109 keV and 
electron and photon beam irradiations delivered by an electron linac (9 - 20 MeV for 
electrons and accelerating potentials of 6 - 15 MY for photons). Both dosimeters have 
been characterised. The dosimetric characteristics of commercially available Ge-doped 
SiOi optical fibre investigated includes, reproducibility, fading, dose response, reciprocity 
between TL yield and dose-rate and energy dependence. For 3-D PRESAGE™ 
radiochromic plastic material, the characteristics investigated are attenuation, dose 
linearity and reproducibility. Building upon these characterisations, the dosimeters were 
subsequently used in various dosimetry applications. Firstly, the fibers were used to 
measure UV radiation for PUVA dosimetry. The fibre was also used to measure 
photoelectron enhancement from iodinated contrast media as might be applied in 
radiation synovectomy. Another study looked into creation of test objects using 
PRESAGE™ for quality assurance of the associated Optical CT scanner. The test objects 
were created using UV radiation and synchrotron X-ray microbeam to measure the 
scanner spatial resolution and geometrical distortion. Finally, to illustrate the potential of 
PRESAGE™ for use in Microbeam Radiation Therapy (MRT) dosimetry, development of 
a micro Optical CT scanner has been made. The capability of the scanner for imaging 
micron spatial resolution has been performed, evaluating the peak-to-valley dose ratio 
(PVDR) and verifying cross-firing irradiation applied in MRT treatment.
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Chapter 1
1 Introduction
1.1 Overview of Radiation Therapy and Dosimetry
Worldwide, the incidence of cancer is increasing, particularly in relation to 
prolonged life expectancy from improvements in standards of living. According to recent 
estimates of the International Agency for Research on Cancer (lARC) and the World 
Health Organization (WHO), approximately ten million new cancer cases are being 
detected per year world-wide, with slightly more than half of the cases occurring in 
developing countries. By the year 2015 this number is expected to increase to about 15 
million cases, of which some two thirds will occur in developing countries. In the 
developed world, about half of all cancer patients receive radiotherapy, either as part of 
their primary treatment or in connection with recurrences or palliation [1].
Overall, the most common tumour world-wide is cancer of the lung, with an annual 
incidence of almost 1.2 million cases, followed by stomach cancer (0.90 million), breast 
cancer (0.84 million), colorectal cancer (0.80 million) and cancer of the mouth and 
pharynx (0.51 million). In males the most common tumour is cancer of the lung, followed 
by stomach. In females, breast cancer is the most common tumour type, followed by 
cancer of the cervix [1]. It should be recognized that incidence data will change over time 
due to a number of factors.
It is widely acknowledged that the clinical aspects (diagnosis, decision, and 
indication for treatment, follow-up), as well as the procedures related to the physical and 
technical aspects of patient treatment, must be subjected to careful control and planning in 
order to ensure safe, high quality radiotherapy. Whilst it has long been recognized that the 
physical aspects of Quality Assurance in radiotherapy are vital to achieve an effective and 
safe treatment, it has been increasingly acknowledged that a systematic approach is 
absolutely necessary for all steps within the treatment chain.
© A,T, Abdul Rahman 2011 1
Introduction
Study o f  a I-D  and a 3-D Detectors fo r  Application in Radiation Therapy
Advances in radiotherapy and diagnostic radiology place great demands on the 
dosimetric tools to evaluate dose distribution. The spatial resolution required to accurately 
evaluate radiotherapy dose distribution of complex three dimensional (3-D) geometries, 
especially in micro spatial resolution is becoming increasingly challenging. The delivery 
of radiotherapy to a tumour is a highly complex. In particular, the effort to reduce patient 
morbidity arid increase clinical outcomes places high demand on the accuracy and 
precision of dose and dose distribution. This occurs from the outset of the planning stages 
of the treatment and continues through to the completion of the treatment delivery. In 
order to ensure that the treatment is optimised equipment must be thoroughly tested at 
acceptance and during its ongoing performance by conducting many mechanical, 
electrical and dosimetric tests.
Despite significant advances in radiotherapy, implementation of advanced 
conformai therapies is limited by the inability sufficiently to verify treatment [2]. 
Dosimetric verification must be performed to ensure the planned radiation is delivered at 
the correct location, in the correct amount and with the correct distribution. 
Inconsistencies in the planned and delivered treatment can lead to serious complications if 
too much radiation is delivered, while too little radiation can result in tumour control not 
being achieved. To achieve precise and accurate measurements of the associated absorbed 
dose distribution of the treatment the medical physicist utilises dosimetric devices such as 
ionisation chambers, film, thermoluminescence detectors and diodes. Each of these 
devices is either a 1-D or 2-D measurement device, while conversely the patient and the 
delivery of radiotherapy is a 3-D problem.
Dosimeters also need to have high spatial resolution to verify dose distributions 
with steep dose gradients. Further the dosimeter must have a high accuracy in 
determination of radiation dose. The International Commission on Radiation Units 
(ICRU) recommends the overall accuracy in delivered dose to be within 5 % of the true 
dose [3]. In this respect there is need for an advanced dosimetric system that can quantify 
and. verify the accurate dose distribution as well as being capable in recording the 
integrated absorbed dose in three dimensions. In regards to these, two novel dosimeters 
are the focus of this study. First, a germanium doped silica optical fibre (Ge-doped Si02 
optical fibres) dosimeter is a 1-D system that provides TL response upon irradiation. 
Secondly, PRESAGE™ dosimeter is a 3-D radiochromic plastic material that changes
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colour in response to radiation. Thus this study focuses on evaluating the potential of Ge- 
doped Si02 optical fibres and PRESAGE™ radiochromic plastic material for radiation 
therapy dosimetry application.
Radiation therapy is most usually understood to be the use of ionising radiation to 
treat cancer; there are some non-malignant conditions that can be treated by radiotherapy 
including arteriavascular malformation. It may be used as a curative therapy, where the 
aim is to deliver a radiation dose great enough to control local disease but to spare dose to 
critical organs at risk. Radiotherapy can additionally be designed as a palliative therapy 
designed to relieve the patient of the symptoms of their condition. The treatment may be 
delivered in a number of ways, including high megavoltage photons or electrons from a 
linear accelerator, low energy kilovoltage photons from an orthovoltage unit or by 
radioactive sources implanted into the patient, known as brachytherapy. In this study, the 
main radiation therapy modalities applied are external beam radiation therapy obtained 
through use of linear acceleration (LINAC), superficial X-ray unit (a Pantak facility), a 
synchrotron microbeam radiation therapy facility and an ultraviolet radiation facility.
1.1.1 External Beam Radiation Therapy ^
The discovery of X-rays by Roentgen in 1895 has led to development of both 
knowledge in physics and medicine and new ideas and practices, starting with images of 
bones and soft tissues in the living body and some years later new forms of cancer 
treatment. The discovery was reported in two of Roentgen’s papers, translated into 
Enghsh by Arthur Stanton and published in Nature in January 1896 [4], recognising 
possible medical diagnostic applications. Initially x-rays were primarily adopted for their 
diagnostic applications as in for instance the location of bullets in victims of shooting, 
swallowed coins and needles in bodies, as well as for surgical teaching and guiding 
general bone surgery, especially in regard to fractures.
The first report of an X-ray therapeutic attempt concerned treating a local relapse 
of breast carcinoma as reported by Emil Grubbe at Chicago in 1895. In 1896, Victor 
Despeignes in Lyon, France used X-rays for stomach cancer treatment. This was followed 
by irradiation of a skin tumour in a 4-year-old, reported by Leopold Freund in Vienna, in 
the same year. Subsequently, Tage Sjogren and Tor Stenbeck reported at a Swedish 
Society of Medicine meeting in 1899 two successful cancer treatments using X-rays [4].
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Figure 1-1: X-ray image of the hand of the wife of Wilhelm Roentgen. This photograph was sent to 
Professor Ludwig Zender of Frejburg in Breisgau, a former student of Roentgen, (courtesy of Wellcome 
Trustees, as reported by R.F. Mould (1995)) [4, 5]
These achievements led to applications of radiation therapy for breast cancer in 
1903 at the London Hospital, at the time the same X-ray apparatus being used for both 
diagnostic and therapeutic purposes. Special designs of X-ray tubes for treatment of 
specific tumours in the rectum, vagina, cervix and uterus were reported during the period 
1900-1909 [4]. Some twenty years after the first tentative use of radiation therapy 
developments became notable in design of protective shielding and use of high atomic 
number materials for the most efficient generation of X-rays, followed by the 
manufacturing of large scale radiation therapy facilities. In 1951, the first treatment using 
Cobalt-60 radiation therapy took place at the Ontario Institute of Radiotherapy [6]. In 
1952 the first medical linear accelerator (Linac) was installed by Henry Kaplan in 
Stanford-Lane Hospital in San Francisco, becoming ready for use in 1956 [7].
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Figure 1-2: (a) Schematic view of modern day electron linac treatment head configuration. Note the 270° of 
achromatic bending magnet that redirects the electron beam towards the patient and (b) schematic view of 
treatment head configured for electron beam delivery. Note the scattering foil (actually dual-scattering foils 
separated by a distance of 5-10 cm) to broaden the beam, secondary (X-ray) collimator and electron 
applicator to collimate the beam and ion chamber (actually dual, segmented ionization chamber) used to 
monitor the beam. A high atomic number target can be inserted into the path of the electron beam in order 
to efficiently generate X-rays [8].
The delivery of radiation therapy is commonly performed using external beam 
radiation therapy [9]. High voltage X-ray therapy can be use for deep seated tumour 
treatment while low and medium voltage X-ray therapy is used for more superficial 
lesions. The treatment machines in use today are typically S-band linear accelerators, 
designed to produce both X-rays and electron beams. Although there is some variation in 
design between the various manufacturers, including use of standing-wave or travelling- 
wave accelerating structures, side coupled cavities, magnetron or klystron machines, 
differences in beam-transport systems (i.e., bending magnet design), etc, all systems have 
a treatment head that consists of a number of important assemblies associated with 
directing, broadening, flattening, collimating and monitoring the beam (Figure 1-2).
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The linear accelerator uses microwave technology (similar to that used for radar) 
to accelerate electrons in the part of the accelerator referred to as the "wave guide", 
subsequently allowing these electrons to collide with a heavy metal target [10]. As a 
result of the collisions, high-energy X-rays are produced from the target. These high 
energy X-rays are directed to the patient tumour and shaped as they exit the machine to 
conform to the shape of the tumour. The beam may be shaped either by blocks that are 
placed in the head of the machine or by a multileaf collimator that is incorporated into the 
head of the machine. The beam comes out of a part of the accelerator called a gantry, 
which rotates around the patient. The patient lies on a moveable treatment coiich and 
lasers are used to make sure the patient is in the proper position. The treatment couch can 
move in many directions including up, down, right, left, in and out. Radiation can be 
delivered to the tumour from any angle by rotating the gantry and moving the treatment 
couch.
The effectiveness of radiotherapy in cancer treatment can be improved by 
conforming radiation dose distributions delivered to the shape of the tumour volume [11, 
12]. This enables high doses of radiation to be delivered to the tumour tissue whilst 
sparing healthy tissue. Realisation of conformai dose distributions with traditional 
radiotherapy techniques is difficult since they are not capable of producing the 
sufficiently complicated dose distributions that are required to conform the radiation 
fields to the tumour volumes. Advances in radiotherapy have now been shown to 
significantly improve tumour control and treatment outcomes [10], with it now being 
possible to more accurately target the tumour with higher doses of radiation, while 
minimizing damage to the healthy tissue. This widely available advanced technique is 
called intensity modulated radiation therapy (IMRT) where multiple small volumes of 
radiation dose are delivered according to the three-dimensional (3-D) shape of the tumour 
by modulating or controlling the intensity of the radiation beam [13].
1.1.2 Synchrotron Microbeam Radiation Therapy
A synchro-cyclotron or more simply a synchrotron is one type of particle 
accelerator. Synchrotron radiation was observed for the first time at General Electric in 
the USA in 1947. It was first considered a nuisance because it caused the particles to lose 
energy, but it was then recognised in the 1960s to provide light with exceptional
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properties. A synchrotron can be used to accelerate beams of charged particles to very 
high energies, for use in particle physics experiments, or can be used to generate intense 
beams of light for use in other experiments. In present work, study has been carried out 
using a microbeam radiation therapy (MRT) facility located at the ID 17 Biomedical 
Beamline at the European Synchrotron Radiation Facility (ESRF) in Grenoble (Figure 1- 
3). This beamline uses a wiggler source to produce an intense, naturally highly collimated 
synchrotron X-ray beam from the 6  GeV electrons circulating at a beam current of 
approximately 200 mA. Highly collimated use of a physical system (Figure 1-4) 
subsequently produces quasi-parallel arrays of X-ray microbeams of 50-600 keV, from 
this 3^  ^generation synchrotron source.
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Figure 1-3: (a) Schematic diagram of the various synchrotron beams at the ESRF including the ID 17 
position, (b) schematic diagram of the ID 17 biomedical microbeam radiation therapy facility, (c) view of 
the ESRF (ESRF Website).
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The beam delivery systems consist primarily of a double crystal monochromator 
to provide monochromatic radiation with selectable energies through Bragg scattering, a 
beryllium window to allow for beam exit from a vacuum environment, a focusing mirror 
to maintain beam focus, and a harmonic rejection mirror to eliminate the harmonic 
contamination from the monochromator. The main features of highly brilliant synchrotron 
sources are an extremely high dose rate and very small beam divergence. High dose rates 
are necessary to deliver therapeutic doses in microscopic volumes, to avoid spreading of 
the microbeams by cardio synchronous movement of the tissues. The radiation beam from 
a synchrotron source emerges in a very small range solid angle, which also means that the 
X-ray photons in the beam are almost parallel to each other. As a result, the X-ray flux 
density is very high and the X-ray beam can be easily collimated, down to beam 
diameters of about 1pm. The minimal beam divergence results in the obvious advantage 
of steeper dose gradients delivered to a tumour target, thus achieving a higher dose 
deposition in the target volume in fractions of seconds, with a sharper penumbra than that 
produced in conventional radiotherapy. Typically, MRT peak entrance doses of several 
hundreds of Gy are surprisingly well tolerated by normal tissues [14], at the same time 
providing preferential damage to malignant tumour tissues.
(c)
Figure 1-4: Example of multislit collimator (MSC), giving arrays of narrow -25-75 micron-wide 
microplanar beams separated by wider 100-400 microns centre-to-centre microplanar spaces, (a) a multislit 
collimator setup at ESRE, (b) a complete multi-slit collimator assembly [15] and (c) a single tungsten block 
[15].
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Figure 1-5: Example result reported by J.A. Laissue: Cerebellum of a piglet -15 months after irradiation 
(skin entrance dose: 300 Gy), stained horizontal tissue section. The tissue maintains its normal architecture. 
The thin white horizontal parallel stripes, clearly visible in the inset, correspond to the paths of the 
microbeams; the beam spacing was -210 pm. Two thick white horizontal lines show the anteroposterior 
limits of the array of microplanes [14].
It is well established that normal tissues can tolerate high doses of radiation over 
small volumes [14]. There has been considerable interest in novel radiotherapeutic 
treatment of brain tumours in infants and young children, developing brains being 
particularly susceptible to radiation damage. While conventional radiation therapy cannot 
be used before the age of three, the development of microbeam radiation therapy 
technique is showing the possibility of overcoming the associated problems, offering 
considerable promise in delivering lethal doses to a tumour while minimizing damage to 
the surrounding healthy tissue [14, 16]. The potential applications of microbeam radiation 
therapy for brain tumours have been studied at a number of sites, in particular at the 
European Synchrotron Radiation Facility (ESRF) [14, 16-20] and at the Brookhaven 
National Synchrotron Light Source (NSLS) [21-23].
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At the ESRF, a preclinical microbeam radiation therapy program of research is 
being carried out [24], the X-rays being confined to very thin slice planar beams arranged 
in parallel arrays with spaces in between as previously mentioned (Figure 1-4). 
Specifically, use is made of a parallel array of X-ray microbeams of width -20-30 pm, 
with centre-to-centre spacing -100-400 pm. As a result, this spatially fractionated 
irradiation will deliver high peak dose values and relatively low valley dose values [2 2 ]. 
Unlike the X-ray sources used in conventional clinical radiation therapy, a synchrotron 
facility can deliver extremely high dose-rates (-hundreds of kGy min“ )^.
Spatial fractionation of ionizing radiation in the microscopic range was first 
reported in the sixties by Curtis in 1967. A 25 pm-wide 22 MeV deuteron microbeam, 
used to simulate the biological effects of heavy cosmic radiation particles, failed to elicit 
cerebral damage in mice unless absorbed doses were over -3000 Gy; the deuterons, 
however, reached only -1.5 mm tissue depth [25]. Later, it became apparent that MRT, 
using arrays of microplanar synchrotron-generated X-ray beams, would safely deliver 
radiation doses to contiguous normal animal brain that were much higher than maximum 
doses tolerated by the same normal tissues of animals or patients from any standard 
millimetres-wide radiosurgical beam [14]. Preclinical experiments begun in 1995 at the 
ESRF and have been pursued until today [16, 24].
MRT delivers peak radiation doses up to fifty times higher than do other forms of 
radiosurgery and spares fast-growing immature tissues such as demonstrated in duck 
brain in ovum [21] and the chick chorio-allantoic membrane in vitro [17]. In vivo, the 
cerebella of normal suckling Sprague-Dawley rat pups and of normal weanling piglets 
were irradiated by arrays of parallel, synchrotron-wiggler-generated X-ray microbeams in 
doses covering the MRT relevant range (-50-600 Gy).
In such studies, most animals developed normally over a period of at least one 
year after irradiation [16, 24]. In preclinical trials, intracranial rat 9LGS and mouse EMT- 
6  carcinomas have been treated by variants of such MRT delivery; the growth of nearly 
every tumour was suppressed, at least temporarily, and many tumours were ablated [14, 
21, 26]. Even the extraordinarily radiation-resistant and fast-growing murine squamous 
cell carcinoma Vll has been palliated by MRT [20]. For the intra cerebral 9LGS, 
estimates of the therapeutic index of MRT versus broad-beam treatment indicate a -5 -fold 
advantage, with a normal tissue tolerance some 10 -fold higher for peak microplanar
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versus seamless doses of radiation [21]. In conventional radiotherapy, the effect of 
changing an irradiation parameter, e.g., the dose fractionation schedule is predictable. 
Conversely, methods to predict the effect of varying MRT parameters such as array width 
and height, slit width, centre-to-centre spacing (c-t-c), number of ports, energy spectrum, 
dose micro distribution and schedules for temporal fractionation [19] or geometric 
adjustments [18, 27] of multidirectional MRT are only beginning to be developed.
It is in this context of validation that investigation is made herein of two new 
candidate systems for dosimetry of the microbeam: 3-D optical computed tomography 
(Optical CT) [28], using the radiochromic plastic medium PRESAGE™, and TL 
dosimetry (TLD) with Ge-doped S1O2 optical fibres [29], measuring the dose distributions 
and doses delivered in application of the highly varying dose distribution regime of 
synchrotron microbeam radiation therapy. In order to realise the full potential of Ge- 
doped SiOz optical fibre and 3-D Optical CT with PRESAGE™ as detectors for radiation 
therapy dosimetry system, a number of factors that affect the performance of those 
dosimeters need to be investigated. To characterise both the 1-D TLD and 3-D 
radiochromic plastic medium dosimetry system used in this study for their radiophysical 
properties, use is required of radiation modalities covering photon energy ranging from 
keV to MeV and a dose ranges from < 1 Gy up to -  hundred of kGy.
1.1.3 Ultraviolet Radiation Beams
An extension of this study was made to investigate the performance of the two 
dosimetric systems for UV dosimetry, there being a need investigate effective forms of 
passive UV dosimetry in clinical studies. The ultraviolet radiation (UVR) spectrum, by 
international agreement (The Commission International de lÉclairange (CIE) 1935), lies 
between wavelengths of 10 nm and 400 nm (Figure 1-6), [30]. UVR has been classified 
into three main groupings, based on physiologic effects [31]. First is UVA, in the range 
315 -  400 nm (3.10 -  3.94 eV), followed by UVB, is in the range 280 -  315 nm (3.94 -  
4.43 eV) and UVC is in the range 100 -  280 nm (4.43 -  12.4 eV). The UVR range 
between 10 nm to 100 nm (12.4 -  124 eV) is usually referred as vacuum or extreme UV. 
UVA radiation is easily transmitted through air and glass, while UVB and UVC will be 
absorbed by glass but could be transmitted through air.
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The natural source of UV radiation (290-400 nm) is the sun, while artificial 
sources include facilities such as tanning booths (315-345), black lights (345-400), curing 
lamps (350-380), germicidal lamps (220-290), mercury vapour lamps (185-254)), halogen 
lights (350-375), high-intensity discharge lamps (335-400), fluorescent and incandescent 
sources (345-400), and some types of laser sources. The nature of hazards associated with 
them depends on the wavelength of the UV radiation [32].
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Figure 1-6: Spectrum of electromagnetic radiation in wavelength band and frequency band (top) and detail 
of UV spectrum and visible spectrum (bottom) [33].
Ultraviolet radiation (UVR) is predominantly used in hospitals for the purposes of 
skin disease treatment, referred to as phototherapy. Historically, UVR was used through 
sunlight therapy (heliotherapy), recorded in 1893 by Finsen. Finsen showed the UVR 
caused sunburn and developed a filtered carbon arc source for UVR treatment of skin 
tuberculosis, erysipelas and rickets [30, 32]. He also realised that UVR treatment from 
sunlight is made variable by natural factors and so turned his attention to artificial UVR
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therapy. Thus modem phototherapy began when Finsen used a carbon arc source as an 
artificial UVR therapy to treat lupus vulgaris in 1895.
That there is a strong relationship between exposure to UVR and the risk of skin 
cancer is now well established. Studies have reported harmful acute effects in the eyes 
and skin due to UVR exposure [34-39]. Several studies have been reported regarding skin 
diseases that are associated with UVR [39-41], including the development of basal cell 
carcinoma, squamous cell carcinoma, malignant melanoma, cataracts and skin damage. 
Long term exposure to UVR substantially increases the risk of squamous cell carcinoma. 
Thus the, measurement and control of UV radiation therapy are necessary for the efficient 
and safe delivery of UV radiation. Variables that may control the radiance of UV 
radiation therapy facilities [42] are beam shape, size and lamp geometry, the accuracy of 
measurement (practical strategies and techniques) and human factors. In practice the 
source-to-skin distance and the exposure time are particularly important factors 
influencing the dose delivered to the patient [31, 32,42,43].
1.2 Motivation and Goal
This study encompasses investigation of the performance of a 1-D TLD detector, 
named germanium doped silica optical fibre (Ge-doped SiOi optical fibre) and a 3-D 
detector, named PRESAGE™ radiochromic plastic material with an associated optical 
computed tomography readout system (Optical CT). In general, this study will investigate 
these dosimeters for various radiation therapy modalities (synchrotron microbeam 
radiation therapy, linear accelerator beam radiotherapy and superficial X-ray beam 
therapy) over the kilovoltage to megavoltage energy range. The main focus has been 
application to microbeam radiation therapy and study of the potential of TL system for 
interface radiation dosimetry system.
1.2.1 Specific Aims of the Study
i. Characterisation of the dosimeters (Ge-doped SiOz optical fibre and PRESAGE™ 
dosimeter)
a. Reproducibility and reusability
b. Dose response and linearity
c. Reciprocity and dose rate response
© A.T. Abdul Rahman 2011 13
Introduction
Study o f  a 1-D and a 3-D Detectors fo r  Application in Radiation Therapy
d. Energy dependence
ii. Characterisation of the Optical CT readout system for 3-D PRESAGE™ dosimetry 
applications.
a. CCD parallel beam Optical CT setup.
b. CCD microscopy Optical CT setup.
c. Creation of test pattern for Optical CT characterisations.
iii. Study of the potential applications of both dosimeters.
a. Synchrotron microbeam radiation therapy (MRT) dosimetry
b. Interface radiation applications (radiation synovectomy and UV radiation)
1.3 Structure of Thesis 
Chapter 1 : Introduction of thesis
Chapter 2: This chapter presents the underpinning theory and review of existing 
literature. This includes the basic radiation interactions of ionising (photon and electron) 
radiation and non ionising radiation (UVR), and review of current dosimetry systems. 
This is followed by more extensive review of to development of thermoluminescence 
dosimetry and 3-D dosimetry in radiation therapy.
Chapter 3: This chapter focuses on Ge-doped SiOz optical fibres. The main issue 
discussed is characterisation of the dosimeter including underlying uncertainties and 
reliability. Effort towards minimising the uncertainties are subsequently discussed, taking 
into account dosimeter properties such as reusability and reproducibility, signal fading, 
energy and dose rate dependence, dose response and linearity.
Chapter 4\ This concentrates on the application of Ge-doped SiOz optical fibres in 
radiation therapy. The investigations focus on interface radiation dosimetry, including TL 
response to UV irradiation and superficial radiation therapy. Monte Carlo simulation 
(MCNPX V.2.6) has been carried out to verify the TL response in radiation synovectomy 
treatment.
Chapter 5: This chapter demonstrates the potential of PRESAGE^m in 3-D mapping of 
microbeam radiation dose. It is clear that detailed quality assurance (QA) is necessary if
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the technique is form a “gold standard” for 3-D dose mapping. In other fields of medical 
imaging, particularly diagnostic scanning, QA is now routine, with prescribed imaging 
protocols and specialist companies providing QA phantoms. Nowhere is this 
demonstrated more graphically than in the quantitative validation of the parallel-beam 
Optical CT scanner. Radiosensitive PRESAGE™ has a number of favourable properties, 
the most important for this work being mechanical strength (a solid rather than a gel), 
stability over the temperature range routinely encountered in clinical and research 
practice, and long-term stability of the dose pattern created by irradiation. Although the 
optical density values are not completely fixed, changes over time are predictable and can 
be calibrated. This chapter discusses how these properties allow the creation of robust 
samples of great sophistication via complex irradiations. Further study also demonstrates 
appropriate calibrations and a standard samples that can be created at little cost in using 
UV irradiation.
Chapter 6: This chapter investigates the potential of 3-D PRESAGE^^ radiochromic 
plastic dosimeter and the associated Optical CT readout system for synchrotron 
microbeam radiation therapy (MRT) dosimetry. PRESAGE™ radiochromic plastic is a 
promising 3-D dosimeter system for radiation therapy and it also has been shown to be a 
suitable material for evaluation with Optical CT, a dedicated microscopy Optical CT 
scanner being constructed to evaluate the dose deposited in MRT treatments. This chapter 
demonstrates the potential of the PRESAGE^m dosimeter and microscopy Optical CT 
scanner system for quantitative dose measurements at high spatial resolution, verifying 
the peak-to-valley dose ratio (PVDR) and cross-firing irradiation in MRT treatment.
Chapter 7: Finally, this chapter presents the conclusions of this study and suggests future 
work to optimise the potential of Ge-doped SiOz optical fibres and PRESAGE™ 
radiochromic plastic for radiation therapy applications.
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Chapter 2
2 Literature Review and Underpinning Theory
2.1 Introduction
As the measurement of radiation is based on the interaction of radiation with matter, 
it is important to consider the various interaction types that are of significance in radiation 
measurements. These interactions will be discussed below.
2.2 Interaction of Radiation with Matter
A neutral atom comprises a small positively charged nucleus surrounded by shells 
of electrons. The nucleus consists of protons and neutrons, the neutron having a slightly 
greater mass than the proton, and the charge on an electron being equal in magnitude but 
opposite in sign to that on a proton. In the neutral atom, the total number of electrons in 
the shells is equal to the number of protons in the nucleus. This is equal to the atomic 
number of the atom (Z) [9]. The arrangement of electrons in shells in an atom is shown in 
Fig. 2-1.
Figure 2-1; Schematic diagram of atomic structure
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Interactions of radiation with matter have a number of possible primary and 
secondary interaction mechanisms. However, in the energy range of interest those of 
significance in radiation measurement are the photoelectric absorption, Compton 
scattering, pair production and fast electron interactions. The interaction of the non­
ionising radiation UV is also discussed below.
When a beam of many photons passes through matter it is attenuated. The value of 
the linear attenuation coefficient, p, of photons in an absorbing medium depends on the 
energy of the photons, the atomic number of the absorber medium and the physical state 
of the absorber medium (primarily its density). The probability of a photon interacting 
with an atom as it passes through matter is proportional to the atomic number of the target 
medium. The attenuation probability is shown in equation 2.1, where p is the linear 
attenuation constant and the negative sign shows that the intensity, I  decreases as x 
increases [9].
/  =  (2.1)
This can be rewritten in term of (—), typically in unit of (g cm'^). Since the
P
interaction of photons leading to attenuation can either be written with respect to the atom 
or individual electrons, the respective interaction coefficient are the atomic attenuation 
coefficient (a // ) or as electronic attenuation coefficient {eji )) [44,45].
Taking into account the three main photon interaction processes, photoelectric 
absorption, Compton scattering and pair production, the linear attenuation coefficient can 
be written as equation 2.2, where T represents the fraction of the total attenuation due to 
the photoelectric process, <7 represents the fractional attenuation due to Compton 
scattering and K represents the fractional attenuation due to pair production. Similarly 
consideration for the total mass attenuation coefficient gives rise to equation 2.3.
JU^TiA-O+K (2.2)
a  T a  K (2.3)
P P P P
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2.2.1 Photoelectric Absorption
In the photoelectric process, the incident photons interact with a bound electron, 
transferring all of its energy to the electron, the electron ejected thus being from the atom 
provided that the incident photon energy is greater than the energy binding of the electron 
to the nucleus. The electron ejected from the atom is refeiTcd as the photoelectron. The 
energy of the photoelectron Ee released by the interaction is the difference between the 
incident photon energy Eo and the binding energy of the electron Eb [9, 46]. The process is 
illustrated in Fig. 2-2 for photons interacting with a K-shell electron. The ejection of the 
photoelectron leaves a hole in the shell and this is filled by an electron dropping in from 
an outer shell. Thus the surplus energy will released as a characteristic X-ray during the 
transition.
M
(2.4)
Characteristic radiation
Photon (Eo)
Photoelectron
Figure 2-2: Illustration of photoelectric process for a K-shell electron
At lower energies, the photon may only have sufficient energy to eject electrons 
from outer shells. As the photon energy is increased a series of discontinuities appear, 
with associated absorb increases in the attenuation coefficient. These discontinuities 
happen when the photon has sufficient energy to eject electrons from the different shells 
and sub-shells. With further increase of photon energy yet another discontinuity appears. 
Above the K edge, attenuation takes place in all the shells of the atom. Fig. 2-3 below 
shows the example of variation of the photoeleetric attenuation coefficient with photon 
energy for a target of lead (Z = 82).
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I  = 82. LEAD
1 0
1 0 ^
Phot on  E n e r g y , MeV
Figure 2-3: An example of varieties in the photoelectric attenuation coefficient with photon energy for the 
target atom lead (Z = 82) [47]
The probability of photoelectric absorption depends on the incident photon 
energy, the electron binding energy, and the atomic number of the target atom. The 
probability is given approximately by the proportionality shown in equation 2.4 below 
[44, 46], where i  is the photoelectric mass attenuation coefficient.
(2.4)
2.2.2 Compton Scattering
Compton scattering represents a photon interaction with an essentially free, 
stationary orbital electron. For this to occur, the incident photon energy {hv )  is much 
larger than the binding energy of the orbital electron. In the Compton process, the 
incident photons are scattered by the electrons with a partial energy loss, the magnitude of
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which depends on the angle 0 between the directions of the photon before and after the 
interaction. The energy of recoil electron (E^)  and energy of the scattered photon (hv' )
are given by equation 2.5 [44]. The probability of atomic Compton attenuation 
depends linearly on to atomic number of the atom (Z). The probability of electronic 
Compton attenuation (^<7 )^ and also the mass Compton attenuation coefficient is 
independent of Z. The Compton Effect process is illustrated in Fig. 2-5.
E = ( h v ) - ( h v ’) (2.5)
Recoil electron, Ee
Incident photon, hv
Orbital electron
Scattered photon, hv' 
Figure 2-4: Schematic diagram of Compton Scattering process
2.2.3 Pair Production
The pair production process is one in which a photon interacts with the field 
around the nucleus of an atom. As a consequence, the photon energy is converted into the 
mass and kinetic energy of an electron and positron pair, with disappearance of the 
incident photon. The process can only occur if the incident photon energy is greater than 
1.022 MeV. This is because the particles each have rest mass energy of 0.511 MeV. 
Photon energy in excess of 1.022 MeV is transformed into kinetic energy of the electron 
and positron. When the kinetic energy of the positron becomes reduced, it will annihilate 
with an electron to produce two photons each with kinetic energy 0.511 MeV as the 
secondary products of the interaction [44, 45]. The electron and positron are given of in 
opposite directions (Figure 2-5).
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^  Electron
Photon
tX PositronNucleus
A
Figure 2-5: Illustration of the pair production process
2.2.4 Fast Electron Interactions
The penetration of electrons into a medium is governed by stochastic interactions, 
the associated energy loss being accompanied by a change of direction (the electron being 
said to follow highly tortuous baths). Thus, the fast electrons lose their energy at a 
relatively low rate, following a complex path through absorbing materials. In addition, 
because of electron-electron interactions great deviations in the electron path are now 
probable because its mass is clearly equal to that of the orbital electrons with which it is 
interacting; moreover, a much larger fraction of its energy can be lost in a single 
encounter [9].
An important characteristic of charged particles which distinguishes it from 
photons is that their penetration into a material cannot be described by an exponential 
function. There is an ultimate depth beyond which charged particles will not reach. This 
leads to the concept of an energy dependent stopping power of a medium, defined as the 
average energy loss per unit path travelled. The energy loss by electrons in traversing a
medium is described by the total mass energy stopping power {— ) tot, which represents
P
the kinetic energy loss per unit path length, as shown in equation 2.6. The total mass
energy stopping power consists of the mass collision stopping power ( — ) coz and the mass
P
radiative stopping power (— )rad (equation 2.7). The mass collision stopping power results
P
from the atomic excitation and ionisation processes produced by electron-orbital electron
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interactions, the mass radiative stopping power, the latter being referred to as the 
bremsstrahlung production process in electrons-nucleus interactions. In dosimetry, the 
mass collision stopping power is expressed as the dose deposited in the medium while the 
range of electrons in a medium can be calculated from the total mass energy stopping 
power.
2.2.5 Ultraviolet Radiation Interactions
UV radiation interactions do not ionize atoms and molecules, energy loss in the 
medium being in the form of electronic excitation. UV radiation in the range of 300 nm -  
380 nm wavelengths is absorbed very strongly in the surface layers of the skin through 
electrons transitions (Figure 2-6). The absorption of UV radiation in a biological system 
occurs primarily in nucleic acid, protein and coenzymes [48]. Once UV radiation has 
been absorbed, it disappears in the absence of further radiation. Therefore UV does not 
penetrate very far, most of it being absorbed within the first 10 microns.
X
/
/
/  /  
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\
Figure 2-6: Illustration of electrons transitions due to UV absorption in matter
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2.3 Radiation Therapy and Radiobiology
Radiation therapy is an important therapeutic modality in the treatment of cancer. 
This section will focus on some introductory radiation biology, underpinning the effect of 
radiation on tissues and in particular damage to tumour and cellular repair in normal 
tissue following radiation. As discussed in a previous section, radiation can intermittently 
be transported without energy transfer; radiation intensity being reduced by accessioned 
interactions with the traversed material. The biological effects take place when radiations 
are either scattered or absorbed by the atoms of tissues. The energy of a photon is given 
by Planck’s equation (2.8), where E is the energy of the photon, h is the Planck constant, 
V  is the frequency of the photon and c is the velocity of light [44, 45].
E = h v = !l^
À
In contrast to stopping power, linear energy transfer (LET) is an operationally 
useful physical quantity that can be applied in radiobiology and radiation protection. The 
LET is defined as the average energy deposited per unit length of radiation travelled [9]. 
LET essentially indicates the quality of different types of radiation, being important 
because the biological effect of a radiation (its relative biological effectiveness, RBE) 
depends on its average LET. Charged particles generally have higher LET than X-rays 
because of their greater energy deposition along the pathway. For low LET radiations the 
energy deposition events along the pathway of the photon are sparse relative to the 
dimensions of biomolecules such as DNA with the result that photons may pass through 
such a molecule without depositing any energy. For high LET radiation the energy loss 
events are much more closely spaced and significant energy will be deposited along all 
parts of the pathway, similar in dimension to biomolecules.
2.3.1 Radiation Dose and Units
Radiation is typically measured either as air kerma (previously exposure) or as 
absorbed dose. The absorbed dose is the amount of energy absorbed in a system and 
generally regarded as the best way to quantify the irradiation absorption. Air kerma is 
defined as the ratio of the sum of the charges of all ions (Q) developed within a mass 
volume (m^).
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In S.I. units, air kerma is expressed in Coulombs per kilogram of dry air at STP (in 
old a unit 1 roentgen (R) = 2.58 x lO'"^  C/kg). Thus the energy absorption in air 
corresponding to an exposure of IR, that is about 0.00869 J/kg of air; for energy 
deposition in tissue this yield a higher volume, i.e. 0.0096 J/kg [45].
The radiation absorbed in a medium is measured in terms of the energy deposited 
per unit of mass of the irradiated material. The amount of energy absorbed per unit mass 
is known as radiation dose. Absorbed dose is expressed in units of gray (Gy), this 
corresponding to the energy deposited in Joule per unit mass of interest in kilogram (1 Gy 
= 1 J/kg. In the past the rad (radiation absorbed dose) was used, where 100 rad = 1 Gy (1 
rad = 1 cGy) and IR is equal to 0.869 rad in air [45].
Equal amounts of absorbed dose of different types of radiation do not have the 
same damage potential. Thus a standard quantity is needed to put all types of ionizing 
radiation on an equal basis with regard to their potential for causing harm. The dose 
equivalent is important to compare the biological effectiveness of different types of 
radiation to tissues; it is expressed in units of sievert (Sv). Dose equivalent (HT) is the 
product of the absorbed dose (DT) in the tissue multiplied by a radiation weighting factor 
(WR) (equation 2.9), often called the quality factor. The quality factor for low LET 
radiations is 1 so that for low LET radiations 1 Sv = 1 Gy [45].
(2.9)
E = 1:Wt XDj. (2 .10)
The risk of radiation to humans is estimated using effective dose quantity. 
Effective dose (E) is sum of the products of the equivalent doses to each tissue (HT) and 
the tissue weighting factor (WT) (equation 2.10). This is used to estimate the absorbed 
dose to body due to non-uniform irradiations for a given period of time. For radiation 
protection purposes, determining the rate at which radiation is being deposited in tissue 
(Sv/hr) is also an importance factor, as an instance allowing one to estimate a maximum 
period a radiation worker to would be allowed to work in particular environment.
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2.4 Radiation Therapy Dosimetry
In radiotherapy treatment, any deviation in dose from that prescribed may result in 
complications. If the tumour is under dosed, it is unlikely that malignant cell growth will 
be controlled. Conversely, if the delivered dose is too high, it is probable that normal 
tissue will be overdosed, resulting in detrimental health effects [16]. A variety of devices 
are available to provide measurements of the delivered dose. Ionisation chambers are 
typically favoured in measuring teletherapy output, generally in monthly QA sessions, the 
dose checker (incorporating an ionisation chamber) being used to measure daily output 
[49].
Verification of conformai radiotherapy treatment techniques that enable radiation to 
be delivered in multiple beams and with varying intensity places great demands on 
radiation dosimetry techniques. Dosimeters to verify such dynamic treatments need to be 
integrating to accommodate the time varying dose delivered. Dosimeters also need to 
have high spatial resolution to verify dose distributions with steep dose gradients such as 
those delivered in electron beam treatments, where high dose gradients can occur within a 
short spatial range. As such, under these constraints the dosimeter must have a high 
accuracy in determination of radiation dose.
The International Commission on Radiation Units (ICRU) recommend the overall 
accuracy in delivered dose to be within 5 % of the true dose [3] which translates into a 
required source calibration to be accurate to better than 2 -  2.5 % [11]. Ideally the 
detector should also be tissue equivalent. Non-tissue equivalent detectors can perturb the 
radiation field and require correction factors to be applied in order to minimise error in 
the determined dose. Also, as dose is delivered from multiple directions the dosimeter 
response to radiation must be independent of direction and to enable truly 3-D 
measurement of dynamic treatments the dosimeter should represent a 3-D body.
There are a number of dosimeters currently that are used either a standard or in 
clinical situations which are capable of measuring radiation doses to high precision in ID 
or in a 2D plane. The operation and use of these dosimeters is briefly outlined below 
(calorimeter, ionisation chamber, film dosimetry, semiconductor dosimetry, TL dosimeter 
and chemical dosimetry)
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2.4.1 Calorimeter
Calorimeter is absolute dosimetry techniques which can measure absorbed dose in 
a material of interest e.g. water or graphite, by measuring a change in temperature 
(typically in mK) due to energy deposited by ionising radiation. The temperature change 
is most commonly measured using thermostats which are a semi-conductor that show a 
large change in resistance for a small change in temperature. If the change in temperature 
can be measured accurately then it can be related to absorbed dose. The radiation 
calorimeter is considered impractical for use in a clinical environment. Disadvantages 
include their lack of sensitivity and slow operation due to the fact that they take time to 
reach thermal equilibrium after being set up [44]. Calorimeters can only be used to 
measure dose at a point (approximate diameter 2  cm depending on the design) but are 
usually bulky, not easily transportable and not able to easily measure over a 2D plane or a 
3-D volume.
2.4.2 Ionisation Chamber
Ionisation chambers have become the standard instrument for clinical dosimetry 
because of their long-term stability, high accuracy and precision, direct readout, and 
relative ease of use. Ionisation chambers are a relative dosimeter because the relationship 
of ionisation to charge is not known for individual chamber detector combinations until 
compared to an absolute dosimeter or inter compared with another calibrated ionisation 
chamber. Typically an ionisation chamber used for clinical radiation dosimetry consists of 
a thin (0.5mm) wall of material such as graphite surrounding a small but well known 
volume of air. The passage of radiation through a gas causes ionisation, resulting in ion 
pairs, typically charged molecules and free electrons. In the presence of an electric field 
the ion pairs will move apart in opposite directions following the electric field lines until 
they encounter the conductors that are producing the field. A voltage is applied between 
the wall and an electrode to collect the charge produced in the air by ionising radiation.
The applied voltage is made high enough to collect the surrounding charge (~ 250 
volts DC) but not so high as to induce secondary electrons from the initially accelerated 
electrons. In order to measure absorbed dose from the high-energy photon beams used in 
clinical radiotherapy or the diagnostic energies used in CT scanner X-rays, the ionisation 
chamber is inserted into a material to ensure equilibrium is established, being a tissue
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equivalent medium such as water, solid water or Perspex. The major limitation of 
ionisation chambers in radiotherapy is that they do not have sufficient spatial resolution 
due to their size for relative dosimetry. Ionisation chambers only measure dose at an 
effective point within the volume of the ion chamber or in ID. However, relatively cause 
2D and 3-D measurements of static radiation fields are possible by either translating the 
ionisation chamber or using an array of ionisation chambers [44].
2.4.3 Film Dosimetry
Radiographic film typically consists of a transparent polyester base that is coated 
on one or both sides with a radiosensitive emulsion that contains very small crystals of 
silver bromide. Upon exposure to ionising radiation the silver ions gain an electron, to 
form metallic silver, and bromine ions lose an electron and a latent image is formed.
Development of the film reduces the remaining silver ions in an exposed crystal 
grain where the radiation has produced some metallic silver and the unexposed grains are 
removed using a fixing solution leaving a clear film in those regions. The remaining 
metallic silver which is not removed causes darkening of the film. Therefore, the amount 
of darkening of the film is related to the amount of absorbed radiation. The degree of 
darkening of the film is then measured by determining the optical density of the film.
Film dosimetry offers the ability to visualise dose distributions in a 2D plane. Film 
provides excellent spatial resolution and is therefore valuable for determining doses in 
small regions such as in brachytherapy treatments. Film is very useful for checking the 
shape of radiation fields, light field coincidence, field flatness, symmetry and for 
obtaining qualitative patterns of a radiation distribution. However, film dosimetry has a 
number of drawbacks such as single-plane measurement, directional dependence, 
artefacts caused by adjacent air cavities, preferential absorption of radiation below 150 
keV due to the photoelectric effect. There are numerous other errors, which may occur 
including changes in film processing conditions and inter film emulsion differences. 
Therefore, due to these limitations film is considered useful for relative dosimetry, but 
impractical as an absolute dosimeter [11,44].
Radiochromic film consists of a transparent polyester base that is coated on both 
sides with radiochromic layers. The radiochromic film appears transparent prior to 
exposure with ionising radiation however following exposure the radiochromic film
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produces a fine blue colour due to solid state polymerisation. The advantage of 
radiochromic film over radiographic film is that it does not require processing and is 
therefore self developing. However radiochromic film has a number of limitations such as 
single-plane measurement, non tissue equivalence, thickness variation, UV sensitivity, 
temperature dependence, scattering of light during evaluation with optical systems and 
high dose delivery in order to induce polymerisation [11].
2.4.4 Semiconductor Dosimetry
Most semiconductor diodes are made from silicon based p-n junctions where the 
depletion zone is normally free of charge carriers. Upon exposure to ionising radiation 
electron-hole pairs are produced which can induce a voltage across the junction allowing 
a current to flow that is proportional to the energy absorbed by the detector. 
Semiconductor diodes have several advantages over ionisation chambers and these 
include a cavity which is in fact a solid and which has a density about 2 0 0 0  times that of 
air.
Therefore, semiconductor diodes are more sensitive to ionising radiation since less 
energy is required to produce an electron-hole than an ion pair in air. This also allows the 
semiconductor to be much smaller than ionisation chambers, particularly the volume of 
effective dose measurement which makes the semiconductor very useful for measuring 
steep dose gradients in regions such as the penumbra.
Semiconductors also have a number of disadvantages, which include the fact that 
silicon (atomic number 14) so that it has large energy dependence in comparison with an 
ionisation chamber. The detectors exhibit radiation damage and therefore, require 
recalibration as the radiation sensitivity decreases with increasing radiation dose. Also, 
due to their construction they show directional dependence, which can have significant 
effects in some cases [11].
Semiconductors are considered useful as a relative dosimeter for these reasons. 
While semiconductors are essentially a ID dosimeter they can also be translated in static 
fields to achieve 2D and 3-D dose distributions. Semiconductor arrays are also available 
on the market allowing 2D information to be obtained with a single exposure, similar to 
that of film.
© A.T. Abdul Rahman 2011 28
Literature Review and Underpinning Theory
Study o f  a 1-D and a 3-D Detectors fo r  Application in Radiation Therapy
2.4.5 Thermoluminescence (TL) Dosimetry
The radiation interaction with matter can cause chemical, biological or physical 
changes, depending on the nature of the matter and type of radiation used; at least a part 
of the radiation energy is absorbed in the target medium. Luminescence is the 
phenomenon of emission of light from material. Luminescence materials can take up 
energy, store a fraction of it, and convert it into optical radiation, which is then emitted 
through some form of stimulation. A main area where the luminescence phenomenon has 
been applied is in thermoluminescence dosimetry.
Thermoluminescence is a phenomenon involving the emission of light when the 
TL materials are heated having been before exposed to ionising radiation. TL dosimetry 
systems use TL materials for the measurement of long term absorbed radiation dose; a 
fraction of the absorbed energy is conserved in metastable energy levels of electron 
bands. The conserved energy may later be released by heating process. The released 
energy is detected as visible light, and the sum of light yields produced is related to the 
absorbed dose measured.
In detail, irradiation of TL materials may cause an electron and electron-hole to 
become trapped at lattice imperfections provided by impurities. In a crystallise model 
(there being no such development of theory for amorphous media), the ionising radiation 
is absorbed in the material, and the free electron produced will transfer from the valence 
band to the conduction band. Free electrons then become trapped at trapping levels 
present, determined by the lattice and defect factor. The production of free electrons is 
associated with production of holes (free positive), which may also migrate and become 
trapped. However, the hole trapped is thermally unstable and may decay rapidly at room 
temperature [50-52]. If the temperature is low and or the traps are deep enough, electrons 
or holes may remain trapped for a relatively long time before they are released by enough 
energy, which increases their probability of escaping from the traps. The return of the 
trapped holes or electrons to the valence band will release visible light that can be 
observed as a temporary glow of the material at a characteristic temperature during 
heating. By plotting the intensity of emitted light against temperature or time, a glow 
curve is obtained. Visible photon emission may be improved by the formation of local 
energy levels or traps within the material structure. This is achieved by the introduction of
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impurities of the crystal. In this method, the band structure of the pure crystal is modified 
[53-56].
For dosimetry purposes, measurement of integrated dose over a period of time is 
required, the focus is on materials with a high phosphorescence yield [56, 57]. The photon 
release may be enhanced by the introduction of artificial impurities in the material. This is 
obtained by doping the base medium with other elements called activators. In the case of 
crystalline media, the band structure of the pure crystal is customized with the formation 
of energy states within the forbidden gap through which the electrons can de-excite back 
to the valence band. Since there is no simple model for amorphous media, the present 
description will make use of that for crystalline media.
Conduction band
eElectron trap 
(metastable state) Photon (TL Signal)
VIncident radiation Valence band
Figure 2-7: Energy band model for thermoluminescence (•  - Electron); (a) excite free electron produced by 
irradiation, (b) electron free to move in crystal, (c) trapping of electron on trap level, (d) release of trapped 
electron by sample heating and (e) de-excite electron to valence band and photon released as TL signal
The electrons and holes trapped is depends on the presence of impurities in 
material. If the trap energy level is suitably deep, then there is only a small probability 
that the electron may escape the trap by being thermally excited at normal room 
temperatures. The numbers of electron and holes formed can be related to the radiation 
exposure [56]. The probability that an electron will be emitted from a trap of depth Et is 
given by equation 2.11, where S is a constant, k is the Boltzmann constant and T is 
temperature and the rate of release of electrons from a particular depth of electron trap is 
given by equation 2 .1 2 , where n is the number of electrons in a particular trap energy.
p = Se
<iF> (2.11)
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- —  = n S e "  
dt
(2 .12)
The equations show the probability that the trapped electrons will escape increases 
when TL materials are heated. The mean life time of electrons in shallow traps is very 
short and there is natural fading of the TL signal with time even at ambient temperatures. 
The time-temperature profile of the light emitted is called a glow-curve (Figure 2-8), the 
amount of light emitted during the heating process being associated with the absorbed 
dose. The shape and position of the resultant glow-curves can be analyzed to obtain 
information on the several parameters of the trapping process: trap depth, trapping and re- 
trapping rates [58]. Figure 2-8 illustrate the glow curve after irradiation contains five 
glow peaks up to 250°C temperatures. The deconvolved peaks are numbered as a fraction 
of increasing trap depth. Note that the low temperature peaks have high fading of stored 
signal and a very short half life. Peak 1 is not manifested in Figure 2-8 as it has a very 
short half life (1 0  minute).
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Figure 2-8: Example of glow curve (Glow curve of LiF:Mg,Ti (TLD-100) [59].
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2.4.5.1 The Development of Thermoluminescence Dosimetry
The history of the thermoluminescence phenomenon has been reviewed by 
Becker (1973) [60], Mediaeval alchemists knew that fluorite and some other minerals 
showed a transient glow when heated in the dark. However, the earliest recorded 
scientific observations of thermoluminescence phenomena were apparently those of 
Boyle (1663), who wrote about his experiments on diamond, and similarly by Elsholtz in 
1676 on the mineral fluorite (calcium fluoride) [50].
Extensive development towards thermoluminescence as it is used today in 
dosimetry was made by Wiedemann and Schmidt (1895). They studied a wide range of 
inorganic compounds as well as natural minerals, and used a beam of electrons for the 
initial irradiation of the phosphors [61]. Trowbridge and Burbank (1898) showed that X- 
rays could restore the property of thermoluminescence to fluorite, which had previously 
been heated to remove emissions due to environmental radiation [50]. Curie (1904) 
described the use of radium for the same purpose in her doctoral thesis, “certain bodies 
such as fluorite, becoming luminous when heated. Their luminosity disappears after some 
time, but the capacity of becoming luminous afresh through heat is restored to them by 
the action of a spark and also by the action of radiation. Radium can thus restore to these 
bodies their thermoluminescence property” [50].
Morse (1905) investigated the thermoluminescence of fluorite, in particular the 
spectrum of the emitted light. Wick (1924, 1925) described thermoluminescence 
stimulated in fluorite and many other materials by X- rays. He observed that the emission 
of light occurred at lower temperatures following exposure to X-rays, then following 
natural (environmental) irradiation. (This is due to more rapid fading of the lower- 
temperature peaks at ambient temperatures, although Wick merely noted the effect and 
did not offer an explanation) [50]. Urbach (1930) reported on the thermoluminescence of 
alkali halides, and suggested that the temperature of maximum light emission was related 
to the electron trap depth.
The foundations of thermoluminescence theory appear to be due to Randall and 
Wilkins (1945) and by Garlick and Gibson (1948) [50, 62]. They gave expressions for the 
shape of a glow peak in terms of temperature, heating-rate, and the characteristic of the 
trap. Thermoluminescence materials, apparatus, mechanisms, and a wide range of 
potential applications, including dosimetry, identification of minerals, studies of catalysis
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and radiation damage, thermoluminescence stratigraphy and age determination of rocks 
and pottery has been discussed by Daniels in 1953 [50]. This paper was the source of the 
often repeated claim that of over 3000 rocks and minerals studied, about 75 per cent 
showed visible thermoluminescence. In regard to dosimetry, the authors also 
recommended the use of lithium fluoride from the Harshaw chemical company. Thus this 
paper can be seen as the foundation of much of modern research and development in 
thermoluminescence dosimetry.
Lithium fluoride (LiF) has been developed commercially by Harshaw Chemical 
Company and made available as TLDIOO, TLDIOOH, TLD600 and TLD700, depending 
on the quantity of Li present. The Li concentration determines how the element will 
respond to neutrons, and an activator is required for the material to be thermoluminescent. 
The effective atomic number of LiF (Zgff = 8.04) is close enough to the value of Zgff for 
tissue make it almost tissue equivalent. LiF has a complicated glow curve due to a 
complex of energy traps as shown in Figure 2-8, and the most stable used in dosimetry 
has been made with its peak five [63]. Peak 1 is short lived and decays rapidly (referred to 
as fading). The sensitivity of LiF is lower than some materials, but it is able to permit 
dose measurements down to 0.1 mGy which is significant for most dosimeter applications 
in diagnostic radiology. Another regular use is for thermal neutron studies [56, 63]. 
Incorporating magnesium (Mg), copper (Cu) and phosphor (?) as dopants, prepared LiF 
can becomes a highly sensitive dosimeter for photons and neutrons within the useful 
range of IpG up to 20 Gy, covering protection level through to radiotherapy dosimetry.
Calcium sulphate is well known as a high sensitivity phosphor. Applications 
involving manganese (Mn) or rare earth dopant such as samarium (Sm), dysprosium (Dy) 
(commercially as TLD900) or thulium (TM) have been noted since 1960 [56, 60]. The 
Mn-doped calcium sulphate has a single glow peak at 90°C. This low-temperature peak 
fades rapidly by approximately 30% within 10 hours and by up to 85% within three days 
[60]. Therefore the readout should be performed as soon after the exposure. This has 
made the Mn-doped calcium sulphate suitable for short duration experiments. This can be 
contrasted with, Sm-doped calcium sulphate which produces a single peak at the higher 
temperature of 200°C, giving a low thermal fade rate. The other two doped material (Dy 
and Tm) have a similar response as Mn-doped, where the glow curves of both produce 
unstable peaks at 80°C and 100°C, at lower dose but also produce a main glow curve
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peak at 250°C after exposures exceeding several gray and show high sensitivity some 15 
times that of LiF. Dy-doped calcium sulphate shows good sensitivity in the useful range 
from IpG up to 100 Gy. Thermal fading for both materials have been found to be about 
8 % six months post irradiation. The effective atomic number of calcium sulphate, Zgff =
15.3 is quite large, demonstrating a strong photon energy dependence and this 
necessitates the use of filters or sensitization in order to overcome this [56].
A commercial TL material produced by Harshaw and familiar as TLD-500 is a 
carbon (C) doped aluminium oxide (AI2O3; C). This has been shown to be highly 
sensitive for radiation dosimetry purposes. The material was first developed and produced 
at the Ural Polytechnic Institute in the form of single crystals [55]. The TL dose response 
sensitivity is 40 -  60 greater than LiF at the same heating rate of 4°C/s [55] and shows 
good linearity in the useful applications range between 0.05 pGy to 10 Gy. This material 
also shows a low thermal fade of 3% per year. The main glow curve peak occurs at about 
250°C but is quite complex.
With regard to the TL dosimetry requirements, the materials properties have 
been extensively studied by many workers. These include LiF and CaFi, the sulphates 
groups MgS0 4 , CaS0 4  and BaS0 4 , and the oxides group AL2O3, BeO and Si0 2 . In 
present study investigation is made of the thermoluminescence phenomenon in silica 
glass for radiation therapy applications. Previous investigation by Yusuf et al, (2005) [53] 
shows this to offer promising TL response. Other studies involving photon irradiation of 
silica based optieal fibres were carried out by a number of others [64-68]. These 
investigations have determined that the TL performance of an irradiated optical fibre is 
influenced by the type of fibre and by the radiation parameters. Interest herein is concerns 
use of Ge-doped silica optical fibre as a potential 1-D detector for radiation therapy 
applications.
2.4.S.2 Germanium Doped Silica Optical Fibre Dosimeter
Study of the use of optical communications technology in radiation 
environments has a history that dates back to the beginning of optical fibre development 
[69, 70]. Several studies of optical fibre dosimetric system have been conducted in regard 
to radiotherapy applications [53, 71, 72], radiation induced attenuation [73], 
radioluminescence (RL) [74] and optically stimulated luminescence (OSL) [75, 76].
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Useful TL emissions of SiOz optical fibres have been observed at the radiation 
levels applied in high dose radiation-medicine procedures. A simple explanation of the 
optical features of silica (an amorphous system) is based on the trapping processes usually 
described for crystalline media, it being noted that the TL response of the SiOz optical 
fibres is dependent on the presence of structural defects in the material i.e. the dopant 
[53]. The potential of TL response of commercial doped Si0 2  optical fibres has been 
investigated by a number of workers, for photons [77-79], electrons [78, 80], protons 
[81], alpha particles [82], fast neutrons [83] and synchrotron radiation [84]. In all such 
studies the TL performances of irradiated fibres have shown considerable potential for 
dosimetric applications in radiotherapy.
The TL dosimetric system used in this study is commercial telecommunication 
fibres of Ge-doped silica glass. Optical fibre usually has a circular symmetry and is most 
often fabricated from very pure silica (Si0 2 ). This has a refractive index of n = 1.458 at A.o 
= 850 nm. Selective doping at the centre (core) of the fibre produces material of higher 
refractive index than the surrounding region (cladding), thus forming a waveguide. Figure 
2-9 shows the illustration of typical geometry of commercial fibre optic used. This is 
based on information sheet provided by manufacturer (CorActive).
Coating
(Diameter = 250 ±10 pm)
Core
(Typical Diameter = 9.0 pm*) 
Cladding
(Diameter = 125.0 ± 0.1 pm)
Figure 2-9: A schematic diagram of typical geometry of commercial fibre optic used (* from information 
sheet provided by manufacturer).
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Figure 2-10: (a) Information sheet for commercial Ge-doped Si02 optical fibres used as TL dosimeter; and 
(b) cut fibres and gelatine capsules, in which the fibres are contained for specific irradiation studies.
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Figure 2-11: Equipment used for sample preparation of TL dosimetric system used in this 
study; (a) fibre stripper, (b) fibre cleaver, (c) vacuum tweezer and (d) balance.
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The dosimeter used has a length dimension of approximately 5.0 ±0.1 mm and
125.0 + 0.1 pm diameter. The 125 micron silica fibres were carefully stripped away from 
the 250 ±10 micron buffer coating using an optical fibre stripper, avoiding scratching or 
nicking of the glass fibre that could result in triboluminescence. A cotton cloth containing 
methyl alcohol was used to clean the stripped fibres, being carried out to minimize the 
possibility of there being any remnant polymer cladding [84, 85] by using the fibre 
cleaver (CT-30 Fujikura), the optical fibres were cut to the desired length (5.0 ±0.1 mm), 
to ensure a standard situation for each sample. The optical fibres were then placed inside 
an opaque light proof plastic container for routine storage and handling. The optical fibres 
were handled using vacuum tweezers (Dymax 30 -  Charles Austen pump Ltd). The mass 
of each fibre was determined using an electronic balance (B303-S METTLER TOLEDO), 
allowing TL yield to be normalized to unit mass of the irradiated fibre (± 0.02 mg).
The sensitivity of a TL dosimeter used, may be described in terms of TL yield per 
unit dose per unit mass of the sample. This sensitivity is typically determined by the 
concentrations and types of activators and defects present in the TL material. If the 
phosphor has a high concentration of both hole and electron traps and of luminescent 
centres, then high energy conversion efficiency may be expected to be obtained. 
Differences in sensitivity, even from dosimeters belonging to the same production batch, 
can be encountered in practice. These may be due to variation in the dopant 
concentration from sample to sample, variation in the mass of the detectors and probably 
variations due to contamination of the sample surface. In this study the mean of mass of 
each fibres investigated was measured to be in the range 0.23 mg -  0.25 mg.
2.4.S.3 Thermoluminescence Readout System
The readout system used in this study is a Solaro TL reader (Vinten TLD, 
Reading, UK). The system can be classified into four cycles; that is heating, collecting 
data, annealing and cooling. Basically the TL photon is emitted when the sample is 
heated, being subsequently collected by the Photomultiplier Tube (PMT). Here the light 
intensity is changed into integrated current (integrated over time), to give readings of 
charge, typically in units of nano-Coulomb (nC) or micro-Coulomb (pC). This charge is 
proportional to the relative light intensity collected by the PMT. Nitrogen gas is made to 
flow over the planchet (the planchet being the metal sample holder); the N2 atmosphere
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suppresses spurious light signals from triboluminescence and reduces oxidation of the 
heating element which could otherwise act as trapping centres.
(a)
(b) Deltaill i s t r a  I lUiiTowleiJ F1:M.
D e te c to r  : FIA >;... Dc* t e c  t o e ;  DU?
Hi ai
*:.ci
i ' / n t  z ;
:
P a u s e  I D ( ,;;e  ;
Figure 2-12: (a) The Solaro TLD reader system (Vinten, Reading, U.K) used in this study, located in 
Radiation Lab, University of Surrey and (b) an example of thermoluminescence glow curves obtained from 
Ge-doped SiOi optical fibres.
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In this study, the readout system of the Solaro TL reader (Figure 2-12) was setup 
with the following parameters; preheat temperature of 160°C for 10 s; readout 
temperature of 300°C for 25 s and a heating rate cycle of 25°C s"\ These settings have 
been shown to provide an optimal glow curve, free of the effects of superficial traps 
(flushed out by the pre-heat cycle). The heating rate cycle, sometimes also referred to the 
ramp rate, determines the time-temperature profiles (TTP) that ensures complete capture 
of the TL glow curve.
Finally, in the present investigations, an annealing temperature of 300°C was 
applied for 10 s to sweep out any residual signal. The TL yield obtained was then 
normalized to unit mass of the particular TL medium. All dosimetric data storage, 
instmmentation control, and operator inputs are performed in the reader and PC based 
control system. The software provides real time monitoring of the instrument operating 
conditions in terms of displaying the TL glow curve and TL response values.
In a Solaro TL reader, planchet heating is used. Planchet heating is the read-out 
pan or tray on which the TL material is placed, being either provided directly by the 
passage of an a-c current through the pan or tray or indirectly by bringing it into contact 
with an electrically heated element or block. The heating element referred to should have 
low thermal capacity (i.e. high thermal conductivity). In both methods, temperature 
regulation is achieved by means of a thermocouple. Planchet heating is by far the most 
widespread form of heating used in TL reader systems. It is important to note that the 
heating applied should not be so great that the planchet begins to emit infra-red (IR) 
radiation as this would otherwise be misinterpreted as a TL signal. The primary purpose 
of the heating cycle is to heat the phosphor to release the electron from the traps. It is also 
used to rapidly sweep out any low-temperature traps and also to ensure complete removal 
of all electrons from deep traps prior to reuse.
The annealing process of the dosimeter is performed by further heating in a 
separate oven operated at up to 400°C for an hour to ensure radical sweep out of deeply 
trapped electrons. This is generally recognized to be desirable following the TL reader 
annealing phase as it is fast and stable, all samples being put together at one time rather 
than individual heating provided in the TL reader.
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2.4.6 Chemical Dosimetry
Chemical dosimeters are not suitable for low dose measurement [8 6 ]. The first 
chemical dosimeter to be investigated was the Fricke ferrous sulphate (Fe (SO4)) 
dosimeter by Fricke and Morse, 1927 [87]. In this radiation dosimetry system ionising 
radiation causes ferrous (Fe2+) ions to be converted to ferric ions (Fe3+) through 
radiolysis of the aqueous system which includes ultra pure water usually mixed with 0 .1  
mmol of sulphuric acid as reported by Fricke and Hart in 1966, and ICRU 35 [8 8 , 89].
The change in iron transition can be measured with spectrophotometers in the 
visible or ultraviolet ranges [90]. This system is typically used as a “standard” dosimeter 
or a primary method of calibration for other dosimeters. This may also be used as an 
absolute dosimeter in radiation therapy and only as a 1-D dosimeter. The uses of Fricke 
solutions for photon and electron beam dosimetry are well documented in ICRU 1984, 
ICRU 1972 and ICRU 1970 as reported in AAPM No 32 [52, 89].
The yield of the ferrous to ferric ion reaction is known as the G value, defined as 
G = n/E, where n is the relative number of molecules showing the desired chemical 
reaction (number of Fe3+), and E is the energy absorbed in the medium due to radiation 
[11]. Typical G values are in the order of 1.6 pmol per 1 Gy for Fricke ferrous sulphate 
(Fe (S0 4 ) )^ dosimeters [8 6 ]. It has been noted that small changes in G value occur with 
reduced sulphuric acid concentration [89]. However, it has been reported by Gupta [91- 
94], that with the addition of benzoic acid and XO to the aqueous Fricke solution, known 
as a FBX dosimeter, that thus increases the G value by a factor of 30 times in the visible 
spectmm (540nm).
Typically the G value increases to 54 pmol per Gy, but may vary depending on the 
manufacturer of the XO [93, 94]. The higher G values was associated with the 
complexion of ferric ions with the XO to form macro molecules allows its use in 
radiotherapy applications and hence studies of dose rate and fractionation [92]. FBX has 
subsequently been used for calibration of high energy equipment and use in dosimetry of 
high energy beams [91, 93]. Due to both FBX dosimeters and Fricke solutions being 
primarily a water based dosimeter, they are considered to be closely tissue equivalent, 
being again advantageous in radiotherapy and diagnostic dosimetry applications [1 1 , 8 6 ].
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2.4.6.1 The Development of a Three Dimensional (3-D) Chemical Dosimeter
Modem conformai radiation therapy manifest requires verification of the 
treatment and its plan. This includes the tumour target localization, treatment planning 
contours, dose calculation and evaluation, treatment setup and the treatment delivery 
process. These complex radiotherapy techniques require knowledge of 3-D dose 
distribution. It is important to stress the need for an experiment to measure the dose 
deposited. The Monte Carlo simulation is well known to be capable of providing high 
accuracy; however the end result is only as good as the model assumptions. Therefore 
true experimental 3-D verification is of significant importance in the delivery of dose in 
radiation therapy treatment.
Gel dosimetry is based on chemical reactions which are induced by ionising 
radiation, with capability to record the radiation dose distribution in three dimensional. 
Radiation sensitive gels were first suggested by Day and Stein in 1950 when radiation 
produced colour changes in gels containing dyes such as methylene blue and phenol-indo- 
2:6-di-chlorol. A number of studies have been reported using gel dosimetry for 3-D 
verification in radiation therapy [95-99]. The development of 3-D dosimetry started from 
use of Fricke Gels [100], Polymer Gels [101, 102] and recently with the 3-D 
radiochromic plastic material of PRESAGE™ [103-105].
The Fricke Gel dosimeter was introduced by Gore et al, in 1984, based on 
chemical dosimeters with a gelling agent to stabilize or fix the chemical reaction as a 
result of absorbed radiation [100]. The dosimeter is based on oxidation of ferrous ions 
(Fe"^ )^ to ferric ions (Fe"^ )^ as an aerated acid solution of ferrous sulphate is irradiated. The 
absorbed dose can then be estimated by measuring the concentration of ferric ions before 
and after irradiation as previously explained. Gore et al (1984) proposed that nuclear 
magnetic resonance (NMR) relaxation measurements of a standard Fricke solution could 
be used to determine the absorbed dose of ionising radiation [106]. Ferrous sulphate 
solutions were subsequently incorporated into a gel matrix in order to stabilize the 
irradiated MRI absorbed dose signature spatially. Longitudinal and transverse relaxation 
rate images could then be used to map the spatial distribution of absorbed radiation dose 
[107,108].
Several studies have concerned the application of Fricke gel dosimeters in 
radiation therapy [95-99]. This combination of chemical dosimeter, gelling agent and
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evaluation technique was the first truly 3-D dosimeter to be used to investigate radiation 
therapy dose distributions. However the diffusion of ferric ions (Fe^^) throughout the gel 
give rise to significant blurring of the observed dose distribution [109]. The dosimetric 
properties of the Fricke gel dosimeters are strongly dependent on gel preparation. Since 
the dosimeter is based on chemical dosimeter principles, thus the chemical component 
will affect the radiation chemical yield [1 0 0 ].
The use of polymer gels for radiation dosimetry based on radiation polymerisation 
has also been proposed. Early study of polymer gel dosimetry was made in 1954 by 
Alexander et al [110] and Mesrobian et al [111], describing the effects of polymerisation 
in acrylamide following irradiation. Further investigation included studies by Hoecker in 
1958, examining the dosimetric characteristics of radiation-induced polymerisation in 
liquids [112]. The application of polyacrylamide for gamma dosimetry was proposed by 
Boni in 1961 [102]. Several studies have reported changes in NMR transverse and 
longitudinal relaxation rate in irradiated polyethylene oxide and irradiated aqueous 
solution of N,N’-methylene-bis-acrylamide and agarose, showing these rates to increase 
with absorbed dose [101, 102,113, 114].
The principle of polymer gel dosimeters is made-up from radiation sensitive 
chemical interaction with ionising radiation. Thus a number of reactions are initiated that 
lead to the conversion of monomers to polymers, resulting in the formation of an 
insoluble polymer network. Polymerisation leads to a change in the optical properties of 
the dosimeter, and it therefore becomes opaque [101]. The rate of polymerisation is 
presumed to depend on the rate of formation of the initiating fragments, the intrinsic 
reactivity of the monomer and the concentration of radicals and monomers present in the 
solution [115]. Therefore, the process of polymerisation can be controlled by the type of 
monomer used, monomer concentration and dose rate [116].
In 1992 a new gel dosimetry formulation was proposed, which was based on the 
polymerisation of acrylamide and N,N' -methylene-bis-acrylamide (bis) monomers 
infused in an aqueous agarose matrix [117]. This system was named BANANA (bis, 
acrylamide, nitrous oxide and agarose) [118]. This formulation did not suffer the same 
drawback that Fricke gels did with continual post-irradiation diffusion [102] and showed 
stability to prevail several months post-irradiation. The polymerisation reaction occurs by
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cross-linking of the monomers induced by free radical products of water radiolysis. This 
gradually increases the rate of water proton spin relaxation, up to doses of 15 Gy [119].
In 1994 Maryanski et al [120] refined the BANANA formulation by replacing 
agarose with gelatine and the first of the BANG gels was bom, now consisting of bis 
(3%), acrylamide (3%), nitrogen and gelatine (5%). In 1994 this formulation was patented 
by MGS Research, Inc., Madison as a registered trademark and became commercially 
available and known as BANG® [121]. The BANG gel, readout using MRI facilities 
resulted in having a lower background for the non-irradiated gel, and a more transparent 
medium in which the irradiated region is clearly visible [122]. In 1996, a new BANG type 
gel formulation, which contained bis, acrylic acid, sodium hydroxide, water and gelatine 
was described by Maryanski et al [123]. The gel differs from BANG mainly in the 
substitution of acrylic acid for acrylamide and was named BANG-2. This also became 
commercially available under the MGS Research Inc. Madison, later BANG - 3 and - 4 
were developed and also became commercially available.
A manufacturing procedure for BANG gel was later described by Baldock et al 
[124], and is now most commonly referred to in the literature as PAG, which is an 
acronym for polyacrylamide gel. Further revision of the characteristics of polymer gel 
dosimeters were suggested with alternative monomers such as, A-vinylpyrrolidone argon 
(VIPAR) gels [125], sodium methacrylate [126], 2-hydroxyethyl methacrylate (HEMA) 
and 2-hydroxyethyl acrylate (HEA) [87]. However, the PAG formulation consisting of 
co-monomers N, N’- methylene-bis-acrylamide and acrylamide has been the most 
characterised from in the literature, being studied by numerous research groups, and is 
known to have desirable qualities for radiation dosimetry, such as reliability, stability and 
reproducibility [87, 115, 127, 128].
Polymer gel dosimetry systems can also suffer major limitations. Oxygen inhibits 
the polymerisation reaction as it scavenges free radical initiators (such as OH* and H*) 
that are produced during water radiolysis [129] and therefore, the gels should only be 
manufactured under a oxygen free atmosphere (typically nitrogen rich), otherwise 
referred to as an hypoxic environment. While several groups have performed 
characterisation of the gels, polymer gel dosimeters have not yet been widely accepted in 
routine clinical radiotherapy environments. One reason for this is the laborious and
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complex manufacturing process involved, due in large part to the procedure for 
eliminating oxygen from the gel system.
Further development in polymer gel dosimetry occurred when Fong et al [130] 
described a method for developing normoxic gels. This was a significant advancement for 
polymer gel dosimetry as normoxic gels can be made under normal atmospheric 
conditions, which does away with the time consuming process of oxygen elimination 
during the manufacture process of polymer gels. This meant that polymer gels could be 
manufactured on the bench top. Perhaps the most widely known normoxic formulation is 
MAGIC gel [130]. The principle behind the MAGIC gel is in the ascorbic acid oxygen 
scavenger, commonly known as vitamin C. Ascorbic acid binds free oxygen contained 
within the aqueous gelatine matrix into metallo-organic complexes and this process is 
initiated by copper sulphate. The normoxic gel has been reported to be tissue equivalent 
and has been shown to offer superior dose sensitivity and dynamic range using magnetic 
resonance imaging (MRI) evaluation when compared with other polymer gel formulations 
[130-132].
De Deene et al [131] have investigated the role of the different chemical 
constituents of the MAGIC gel. The sensitivity of MAGIC gel to ionising radiation was 
optimised by maximising the amount of oxygen scavenger and monomer required, while 
minimising the amount of overall ingredients. Further studies were performed on various 
oxygen scavengers and it was found that tetrakis (hydroxymethyl) phosphonium chloride 
(known hence forth just as tetrakis) was effective at scavenging oxygen [131, 132]. The 
rate of effective oxygen scavenging was found to be dependent upon its concentration, so 
that a greater concentration of tetrakis corresponded with a decrease in sensitivity to 
ionizing radiation. However, due the increased effectiveness of the tetrakis a reduced 
concentration was required compared to other oxygen scavengers. Tetrakis was used to 
replace ascorbic acid and copper sulphate in the MAGIC formulation and a new 
formulation consisting of methacrylic acid, gelatine and tetrakis, named MAGAT was 
proposed [133]. Other normoxic gel formulations were also developed such as MAGAS 
(methacrylic acid gelatine and ascorbic acid), and PAGAS (polyacrylamide gel and 
ascorbic acid) gels [133]. This work was critical in further developing the potential of the 
normoxic dosimeter and due to its considerable advantages over current gel dosimeters it 
was proposed that this required further development [133, 134].
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Following the development of normoxic polymer gels, a number of studies were 
performed on their characterisation. Studies included the ultrasonic properties of MAGIC 
gel [135], manufacturing methodology studies for MAGAS gel [134] and depth dose 
studies for MAGAS and MAGAT gels [136, 137]. The radiological water equivalence of 
MAGIC, MAGAS and MAGAT gels was investigated [134, 138, 139] and studies were 
also performed on the R2 Dose response optimisation and stability of MAGAT gel. 
Further radiological attenuation properties of MAGAT and PAGAT gels were also 
investigated [140, 141]. From these studies, it became apparent that problems exist with 
the stability of some of the normoxic gels when using oxygen scavengers [131, 132]. It 
was also clear that normoxic polymer gels responded to diagnostic doses in the same way 
as radiotherapy doses [142].
2.4.6.2 PRESAGE™ Radiochromic Plastic Dosimeter
A relatively new class of polymer dosimeter has been proposed to overcome the 
radiochromic diffusion problem, the dosimeter being known as PRESAGE™ (Heuris 
Pharma, Skillman, NJ, USA) [143]. PRESAGE™ is a solid dosimeter which is based on 
clear polyurethane doped with leuco-dye leucomalachite green. The components of the 
dosimeter include an alkyl diisocyanate prepolymer, a hydroxyl reactive polyol along 
with a catalyst, which polymerises into optically clear polyurethane. The leuco dyes have 
a maximum absorbance at a wavelength of 633 nm [143] and therefore is compatible with 
a He-Ne laser-based optical scanning system. It has been suggested that PRESAGE™ has 
a number of potential advantages over both conventional polymer and Fricke gels.
PRESAGE™ is a robust solid that does not require a container and therefore 
makes optical matching much easier. Irradiated regions exhibit negligible diffusion of the 
coloured medium and provided the sample is kept away from light while scanning, it 
appears highly stable. Initial studies of PRESAGE™ have been reported to show very 
promising results [143, 144]. Further development and optimization techniques have 
since been published [145, 146]. It is clear that PRESAGE™ has advantages over 
normoxic polymer gels in that they are better suited for evaluation optically and has 
demonstrated stability. These advantages may be what are required to implement 
PRESAGE™ or similar products into regular clinical use as a 3-D dosimeter where 
currently other formulations have struggled.
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Figure 2-13: 60 mm height PRESAGE™ of different diameter (a) 60 mm, (b) 22 mm, 18 mm and 9.7 mm. 
PRESAG™ (a) is used with the parallel beam Optical CT Scanner and PRESAGE^^^  ^ (b) is used with the 
microscopic Optical CT scanner and (c) shows PRESAGE™ supplied in ultra-micro sized UV -  cuvettes of 
10 mm X 10 mm x 50 mm dimension (Eppendorf UVette®) which is used with UV spectrophotometer.
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In present study, 3-D dose mapping has been carried out using PRESAGE™ 
dosimeters provided by Dr. John Adamovic (Heuris Pharma, Skillman, NJ, USA). The 
batch of dosimeters used in this study has a nominal elemental composition of C 
(63.27%), H (9.1%), N (4.91%), O (21.24%), Cl (2.7%) and Br (0.92%) with an empirical 
formula of C421H722N28O%oeClgBr giving an electron density of Zgff = 9.33 and a mass 
density of 1.08 gcm'^ measured by manufacturer using gravimetric analysis. The 
polymeric matrix is formed in two steps, the first step is prepolymer processes and the 
second step is integration with the leuco dye, a free radical initiator and catalyst [146].
The PRESAGE^^ dosimeter provided is in the form of cylinders with various 
sizes i.e. (i) Diameter 60 mm and height 60 mm, (ii) 22 mm diameter and 60 mm height, 
(iii) 18 mm diameter and 60 mm height and (iv) 9.7 mm diameter and 60 mm height 
(Figure 2-13(a-b)). In investigating the attenuation coefficient, spectrophotometer 
measurements were carried out with small size PRESAGE™ supplied in two types of 
standards optical cuvettes (ultra-micro sized UV -  cuvettes) of 10 mm x 10 mm x 50 mm 
dimension with different optical path-length. The first type is with 2 mm optical path- 
length (Eppendorf UVette®) and the second type is with 10 mm optical path-length 
(Eppendorf UVette®) (Figure 2-13(c)).
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Chapter 3
3 Characterisation of Ge-doped SiOz Optical 
Fibres for Dosimetry
3.1 Introduction
Studies of the optical fibre TL dosimetric system have been undertaken by several 
groups in regard to radiation therapy applications. A number of researchers have 
investigated various aspects of the TL from these materials [53, 72, 77], as in for instance, 
radiation induced attenuation [73], radioluminescence (RJL) and optically stimulated 
luminescence (OSL) [74-76]. Useful TL emission have been observed at the radiation 
levels familiarly applied in high dose radiation-medicine procedures, it being noted that 
the TL response of optical fibres is dependent on the presence of structural defects in the 
material [53, 72].
A simple explanation of the optical features of silica (an amorphous system) is 
based on the trapping processes usually described for crystalline media, it being noted 
that the TL response of the 8 %  optical fibres is dependent on the presence of structural 
defects in the material i.e. the dopant [53]. The potential of TL response of commercial 
doped SiOz optical fibres has been investigated by a number of workers, for photons [77, 
78], electrons [78, 80], protons [81], alpha particles [82], fast neutrons [83] and 
synchrotron radiation [84]. In all such studies the TL performances of irradiated fibres 
have shown considerable potential for dosimetric applications in radiotherapy.
In this study investigation of this material will be focus on dosimetric application 
in interface teletherapy and synchrotron microbeam radiation therapy (MRT). The TL 
response of commercial doped optical fibres in irradiation by electrons and photons has 
been investigated for various beam energies in the therapeutic dose range. This chapter
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will describe characterisation of Ge-doped SiOi optical fibre dosimeters for radiation 
therapy applications.
3.2 Feasibility Study for used of Ge-Doped SiOi Optical fibre Dosimeters
The thermoluminescence dosimeter is a solid-state system which takes advantage 
of the electron band structure of solids. Electrons found in the valence band may absorb 
sufficient enough energy to raise the electrons into the conduction band. In active 
dosimeter this will create electron and hole pairs in the crystal lattice, to be collected at 
electrodes. Conversely in the case of the TL system, by heating the electron will fall back 
to the valence band with the emission of a photon. This will be measured using a 
photomultiplier tube built into the readout system.
Generally a TL material intended for dosimetric purposes is doped with impurity 
atoms to create metastable traps in between the valence band and conduction band (within 
the forbidden band). The luminescence measured is proportional to the amount of energy 
absorbed via irradiation, allowing use of TL materials for dosimetry. Several studies have 
been carried out to investigate well inducted doped materials for high sensitivity TL 
dosimeter [53, 55, 61].
In the present study, investigations have been made of the various TL properties of 
doped silica optical fibres. The optical fibre used is a commercial communication fibre 
system of Ge-doped Si0 2  optical fibre (Fibre Model: SM-GE-1060-VLNA) provided by 
CorActive High Tech, Canada (Figure 2-10, page 36). Two batches of Ge-doped Si0 2  
optical fibre have been used during this study. It is well recognized that for any 
communication fibre system, the dopant concentration will vary from point to point along 
the length of an optical fibre, albeit within a limited range of concentrations.
In the absence of a process of radiation sensitivity selection, for a fixed dose of 
radiation there will result a commensurate range of TL emissions, a situation largely 
paralleling that for phosphor TL systems. Therefore it is important to select to obtained 
fibre dosimeters of uniform sensitivity for further investigation. This is included in a 
selective study of dosimeters, incorporating reproducibility and reusability of dosimeters 
and TL signal fading of the dosimeters.
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A total of 2000 fibres have been prepared with dimension of 125 ±1.0 pm 
diameter and 5 ± 1.0 mm length from the original 11m length of fibre provided. The 125 
micron silica fibres were carefully stripped away from the 250 ± 10 micron buffer coating 
using an optical fibre stripper, avoiding scratching or nicking of the glass fibre that could 
result in triboluminescence.
A cotton cloth containing methyl alcohol was used to clean the stripped fibres, 
being carried out to minimize the possibility of there being any remnant polymer cladding 
[85, 147] by using the fibre cleaver (CT-30 Fujikura), the optical fibres were cut to the 
desired length (5.0 ±0.1 mm), to ensure a standard situation for each sample. The optical 
fibres were then placed inside an opaque light proof plastic container for routine storage 
and handling. The optical fibres were handled using vacuum tweezers (Dymax 30 -  
Charles Austen pump Ltd). The mass of each fibre was determined using an electronic 
balance (B303-S METTLER TOLEDO), allowing TL yield to be normalized to unit mass 
of the irradiated fibre (± 0 .0 2  mg).
Selection on of Ge-doped SiOz optical fibres were performed by irradiating large 
sample groups at a fixed dose as well as at fixed dose rate. The irradiations were made to 
provide a dose of 3 Gy at a constant dose rate of 400 cGy min'^; a field size of 10 cm x 10 
cm was used, from clinical photon and electron beams of energies 6  MV and 9 MeV 
respectively. The dosimeters were placed in a water phantom at a D^ax of 2.0 cm and 1.5 
cm depth for the photon and electron irradiations respectively, using a standard source- 
surface distance (SSD) of 100 cm. A total of 500 fibres were allocated for each photon 
and electron irradiation. The TL response of irradiated samples was obtained using the TL 
readout system 12 hours post irradiation.
Selection of dosimeters was made in an effort to eliminate outlier data, retaining 
optical fibres within ±1 Standard Deviation (S.D) of the mean value for subsequent use. 
The optical fibres were then annealed to remove any residual TL signal. The selection 
procedure has been performed for every new group or batch of Ge-doped SiOz optical 
fibre introduced. The variability of the dosimeter system was then further tested by 
performing the same irradiation conditions as before. This procedure was repeated for a 
total of five consecutive irradiations in order to examine the reproducibility and 
reusability of the dosimeter. Fading of the system was also measured, for a period of up to 
15 days beyond the time of irradiation.
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3.2.1 Selection of Dosimeters
Variability in the TL response of the Ge-Doped 8 %  optical fibres, for both 
electron and photon beam irradiations prior to the selection selective procedure is shown 
in Figure 3.1 (a) and (b). The TL response of the Ge doped silica fibres was found to vary 
by up to 1 0% of the mean value, normalizing the thermoluminescence yield to unit mass 
of the fibres to account for minor variations in the cut length. The mean TL yields 
distribution obtained from the pre-selected Ge-Doped Si0 2  optical fibres was 1.29 x 10^  ± 
9.7% (1 S.D.) and 1.03 x 10  ^ ± 9.9% (1 S.D.) for photon and electron irradiation 
respectively.
The selection procedure fibre has lead to dosimeters that are capable of producing 
a uniform TL response of better than 3% (1 S.D) of the mean value. Figure 3.2 (a) and (b) 
show respectively the TL yields distribution and equivalent histogram of the selected 
fibres for photon irradiation, while Figure 3.3 (a) and (b) shows the same equivalent 
results for electron irradiation.
The mean TL yields distribution obtained from selected Ge-doped SiOi optical 
fibres measured in counts per second per unit mass of fibre investigated is 1.30 x 10  ^ ± 
2.6% (1 S.D.) and 1.02 x 10^  ± 2.9% (1 S.D.) for photon and electron irradiation 
respectively. This can be compared with use of TLD-100 detectors for X-ray 
measurements the uncertainty of the whole calibration chain being estimated to be 3% 
S.D [148]. Variation of TL yield obtained for each batch of Ge-doped SiOi fibre is almost 
certainly explained by variation in doping concentration from point to point along the 
length of an optical fibre.
Figure 3.4 shows one fibre cut through use of a cleaver to produce a clean well- 
defined edge compare to one obtained through use of a scalpel to cleave the fibre. The 
screening process of Ge-doped Si0 2  fibre, divided the TL yields measured to a unit of 
mass considered to variability in length of fibre cut and do a good practice in sample 
preparation possibly will minimised the uncertainty of the dosimeter used as low as 
possible.
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Figure 3-1: TL yields distribution of non-selected Ge-doped Si02 optical fibres irradiated at the nominal 
photon energy of 6MV (a) and nominal electron energy of 9 MeV (b), for a fixed dose of 3 Gy (delivered at 
a dose rate of 400 cGy min '). The yellow and blue band shows those fibres within 1 S.D of the mean 
distribution.
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Figure 3-2: (a) TL yields distribution and (b) histogram of TL yields distribution from selected Ge-doped 
Si02 optical fibres irradiated at the nominal photon energy of 6 MV for a fixed dose of 3 Gy (delivered at 
the rate of 400 cGy/min). In (a) the red line indicates the mean value.
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Figure 3-3: TL yields distribution (a) and histogram of TL yields distribution (b) from selected Ge-doped 
Si02 optical fibres irradiated at the nominal electron energy of 9 MeV for a fixed dose of 3 Gy (delivered at 
the rate of 400 cGy/min). In (a) the red line indicates the mean value.
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Figure 3-4: (a) SEM image of the end surface of a Ge-doped SiOg optical fibre obtained using cleaver and 
(b) SEM image of the end surface of Ge-doped Si02 optical fibre obtained using a scalpel.
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3.2.2 TL Glow Curve
Selected Ge-doped SiO] optical fibres with TLD-100 (LiF) dosimeter were 
exposed to beta irradiation using a ^°Sr source, giving a dose rate of 330 mOy h '\  The 
source that was used is mounted above a rotating carousel, giving a uniform irradiation to 
the dosimeters placed on the carousel. The automatic irradiator is based on a circular 
turntable with up to some 30 positions for holding the TLD detectors (Figure 3-5). The 
irradiation was made for 48 hours; the estimation total dose delivered being 16 Gy. The 
dosimeters were evaluated using the Toledo TL readout system. The glow curves of the 
fibres were compared against TLD-100. The glow curve obtained (using a heating rate of 
25 °C s"^ ), is one showing light intensity (TL yield in arbitrary units) produced as a 
function of temperature. Figure 3-6 (a and b) shows the TL glow curve obtained for Ge- 
doped SiOa optical fibres and LiF (TLD-100) irradiated using ^^Sr for 48 hours to yield a 
total dose of some 16 Gy as mention previously.
À
Figure 3-5; Beta irradiation using a ^°Sr source and a rotating turntable revolution at a constant speed
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Figure 3-6: TL glow curve of both dosimeter irradiated using ^°Sr for 48 hours to deliver a total dose of 16 
Gy (a) Ge-doped SiO^ optical fibre and (b) LiF (TLD-100).
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The glow curves show the classic form of response for crystalline TL phosphor, 
the more shallow traps being preferentially emptied as the material is heated, light yield 
subsequently falling off as these traps are depleted. As heating continues, the electrons in 
deeper traps are released, resulting in additional peaks, in this particular example case 
producing a peak value corresponding to a temperature of 300°C. The area under the 
curve representing the radiation energy deposited. Subsequent to readout, the TLD is 
annealed at a higher temperature, the intent being to release all residual trapped electrons. 
The TLD is then ready for re-use. In comparing the glow curves obtained, TL response of 
Ge-doped SiOz optical fibre is 50 times higher compared to LiF at the same heating rate 
applied in the TL readout system used. This can be explained by comparing the number 
of Z of the dosimeter. Based on previous study, the Zeff of Ge-doped Si0 2  is 11.4 [82], 
while for the LiF is 8.14 [50].
Generally the glow curve obtained from TLD-100 shows various peaks from traps 
at various energy depths. Only two peaks were obtained in the present study different 
from the general five peak structure, at 65,120, 160, 195 and 210 °C [59]. This probably 
results from a number of reasons; first, the annealing time used in association with the 
five peak structure is about 400°C for 1 h and 80°C for 24 h, the TLD-100 subsequently 
being left to cool to room temperature (i.e. 25 °C). Conversely, in the present 
investigations, annealing was made at 300°C for 10s. Second, the ramp rate was different 
from that in the reference studies (5°C/s); in present study it was 25°C/s; this might be the 
reason for the disappearance of the low temperature peak since a low ramp rate will 
improve the energy resolution.
3.2.3 Reproducibility and Reusability of Dosimeters
A total of five consecutive identical irradiations of selected Ge-doped SiOz optical 
fibres was carried out in order to investigate the reproducibility and reusability of the 
dosimeter. The total of 200 selected Ge-doped 810% optical fibres were placed in single 
gelatin capsule for each photon and electron irradiation. Irradiations were made to provide 
a dose of 3 Gy at a constant dose rate of 400 cGy m in'\ for a field size of (10 x 10) cm^ 
using clinical photon and electron beams of nominal energies 6  MV and 9 MeV 
respectively. The dosimeters were placed in an epoxy resin solid water phantom at 2.0 cm 
and 1.5 cm depth for the photon and electron irradiations respectively, using a standard 
Source Surface Distance (SSD) of 100 cm. A box plot provides comparison of result for
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photon and electron beam respectively. The box plot summary data includes the lower, 
upper quartile and median value. It is also identifies outlier data in each sample. For 
instance, Figure 3-7 shows the TL yields distribution from non selected Ge-doped SiO] 
optical fibre irradiated with photon and electron beams for a fixed dose of 3 Gy delivered 
at a dose rate of 400 cGy m in'\ The median TL yield is 1.29 x 10  ^± 9.7% (1 S.D.) and
1.03 X 10^  ± 9.9% (1 S.D.) for photon and electron mediations respectively. The outlier 
TL yields lead to the high S.D. of the non selected Ge-doped SiOi optical fibres.
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Figure 3-7: TL yields distribution from non selected Ge-doped SiOg optical fibre irradiated with photon 
and electron beams for a fixed dose of 3 Gy delivered at a dose rate of 400 cGy min ’. The median TL yield 
is 1.29 X 10  ^ ± 9.7% (1 S.D.) and 1.03 x 10  ^ ± 9.9% (1 S.D.) for photon and electron irradiations 
respectively. The outlier TL yields lead to the high S.D. of the non selected Ge-doped SiOz optical fibres.
The box plots in Figure 3.8 (a) and (b) illustrates the reproducibility and reusability 
of selected Ge-doped Si0 2  optical fibres. Samples were iiTadiated for a fixed dose of 3 Gy 
delivered at 400 cGy min'^ for 6MV photon beam and 9 MeV electron beam respectively. 
Result shows the percent error (1 S.D.) of the means of the five individual sets of 
measurements shows the variation to be within 0.59%.
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Figure 3-8: Reproducibility and reusability of Ge-doped SiOz optical fibre irradiated for a fixed dose of 3 
Gy delivered at 400 cGy min ’ for; (a) 6 MV photon beam and (b) 9 MeV electron beam.
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A statistical analysis of t-test of paired mean analysis for any pair was used to 
determine whether the arithmetic means of two sets of data were significantly different from one
another. Equation 3.1 shows the t-test formula, X.is mean value for each set of data, is
a variance for each set of data, and My is a number of samples for each data set [149].
Detailed t-test analysis for each pair of TL yields data sets for photon and electron beam 
irradiation is shown in Table 3-1(a) and (b) respectively.
 ^_  absiX^ - X 2)
(3.1)
Table 3-1: t-test of paired analysis for TL yield data sets for (a) photon and (b) electron irradiation; the 
analysis was performed using the statistical software package SPSS version 14.
Paired Samples Test
Paired Differences
Experiment pairs
Mean Std.Deviation
Std. Error 
Mean
95% Confidence interval 
of the Difference
Upper Lower
t df Sig. (2-taiied)
P a in Exp. 1 - Exp. 2 47163 641638 45371 -136632 42306 1.04 199 0.30
Pair 2 Exp. 1 - Exp. 3 20257 564156 39892 -98921 58408 0.51 199 0.61
Pairs Exp. 1 - Exp. 4 45020 607491 42956 -129727 39688 1.05 199 0.30
Pair 4 Exp. 1 - Exp. 5 30232 577934 40866 -50355 110818 0.74 199 0.46
Pairs Exp. 2 - Exp. 3 26906 624214 44139 -60133 113946 0.61 199 0.54
Pairs Exp. 2 - Exp. 4 2143 605019 42781 -82220 86506 0.05 199 0.96
Pair? Exp. 2 - Exp. 5 77394 599950 42423 -6262 161050 1.82 199 0.07
Pairs Exp. 3 - Exp. 4 24763 540433 38214 -100120 50594 0.65 199 0.52
Pairs Exp. 3 - Exp. 5 50488 577980 40869 -30105 131081 1.24 199 0.22
Pair 10 Exp. 4 - Exp. 5 75251 585956 41433 -6454 156956 1.82 199 0.07
Paired Samples Test
Paired Differences
Experiment pairs
Mean Std.Deviation
Std. Error 
Mean
95% Confidence interval 
of the Difference
Upper Lower
t df Sig. (2-taiied)
Pair 1 Exp. 1 Exp. 2 25203 453747 32085 -88472 38067 0.79 199 0.43
Pair 2 Exp. 1 Exp. 3 11647 421103 29776 -70364 47071 0.39 199 0.70
Pair 3 Exp. 1 Exp. 4 21070 410007 28992 -36101 78241 0.73 199 0.47
Pair 4 Exp. 1 Exp. 5 18121 465512 32917 -83031 46790 0.55 199 0.58
Pair 5 Exp. 2 Exp. 3 13556 425116 30060 -45721 72834 0.45 199 0.65
Pair 6 Exp. 2 Exp. 4 46273 431449 30508 -13888 106433 1.52 199 0.13
Pair 7 Exp. 2 Exp. 5 7082 452710 32011 -56043 70207 0.22 199 0.83
P airs Exp. 3 Exp. 4 32716 410500 29027 -24523 89956 1.13 199 0.26
Pairs Exp. 3 Exp. 5 6474 418637 29602 -64848 51900 0.22 199 0.83
Pair 10 Exp. 4 Exp. 5 39190 426687 30171 -98687 20306 1.30 199 0.20
The result shows the t value calculated from equation 3.1 for each pair to be 
within the range of 0.050 -  1.824 and 0.219 -  1.517 for photon and electron beam
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respectively. This value is smaller than the critical value of 1.96 at 95% confidence level, 
indicating the difference between the sets of measurements to be significant.
The reproducibility of the selected Ge-doped 810% optical fibres proves to be 
superior to that typically achievable with other dosimeters commonly used for in-vivo 
dosimetry such as MOSFETs (approximately 3%) [150] and phosphor TLDs 
(approximately 5%) [151]. The value of 0.5 % was also slightly lower than those 
achievable using diodes (reproducibility of approximately 1%) [152], the latter being 
devices commonly employed for quality assurance measurements in radiation medicine. 
In addition the very low cost of the fibres compared to other devices makes it feasible to 
discard the lower-performance samples.
3.2.4 Fading Effect of Dosimeters
The fading effect depends largely upon the depth of traps and the storage 
temperatures of the TL materials. It is also affected by the heat treatment applied during 
annealing and readout procedures. There is also an optical fading due to the exposure of 
TL materials to visible radiation and ultraviolet radiation. It is thus important to 
characterise the fading properties of Ge-doped SiOz optical fibres, to understand the loss 
of TL response post irradiation.
In present study, the fading effect of Ge-doped SiOi optical fibres was observed 
over a period of 15 days. Two sets of eight gelatine capsules, each containing 20 samples 
of selected Ge-doped SiOi optical fibres, were irradiated to photon and electron beams 
respectively. The irradiations were made for fixed doses of 3 Gy, delivered at 400 cGy 
m in'\ for a field size of (1 0  x 10) cm^ using clinical photon and electron beams of 
nominal energies 6  MV and 9 MeV respectively. The dosimeters (retained in capsules) 
were placed in an epoxy resin solid water phantom at 2.0 cm and 1.5 cm depth for the 
photon and electron irradiations respectively, using a standard Source Surface Distance 
(SSD) of 100 cm. The dosimeters were evaluated using a Solai'o TL readout system. The 
first capsule of Ge-doped Si0 2  optical fibre was evaluated 12-hours post irradiation, 
representative day one measurement. This continued for every 48 hours until day 15.
Figure 3-9 and 3-10 shows the loss in TL yield of Ge-doped SiOz optical fibres 
over a period of 15 days storage time for photon and electron beam irradiations at 
nominal energy and constant dose. For photon beam irradiation, the loss in TL yield was
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found to be 2.84% over seven days post irradiation; increasing to 17.3% over 15 days post 
irradiation. For electron beam inadiation, the loss in TL yield was found to be 2.95% over 
seven days post inadiation; increasing to 14.8% over 15 days post irradiation. The 
average loss in TL yield is estimated to be 0.4 % per day within the first week, increasing 
to 1.2  % per day in week two.
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Figure 3-9: The loss of TL yield over a period of 15 days post-irradiation for Ge-doped silica optical fibres. 
Photon beam irradiations at nominal energy of 6 MV for a dose of 3 Gy delivered at a constant dose-rate of 
400 cGy m in'\
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Figure 3-10: The loss of TL yield over a period of 15 days post-irradiation for Ge-doped silica optical 
fibres. Electron beam irradiations at nominal energy of 9 MeV for a dose of 3 Gy delivered at a constant 
dose-rate of 400 cGy min '.
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This result to be compared to previous finding for Ge-doped Si0 2  optical fibres 
irradiated to a dose of 3 Gy subjected to 12 MeV electron beam energy, the fading was 
observed to be 1.2% per day [80]. In comparing to others study for Ge-doped Si0 2  optical 
fibres irradiated to a dose of 5 Gy [153]. The fading was observed to be 0.3% per day. 
The different is in part due to the use in present study of Ge-doped SiÜ2 optical fibre 
formed of 9 pm core diameter compared to the 50 pm core diameter of the Ge-doped 
Si0 2  optical fibre used in the cited study [153]. The sensitivity can be expected to 
dependent upon the concentration of dopant in core of optical fibre [53, 72]. Differences 
in manufacture will also influence the sensitivity of the dosimeter due to again differences 
in dopant concentration. Thus said, the fading of Ge-doped Si0 2  optical fibres obtained n 
this study is low compared to the results obtained by TLD 200 and TLD 400. Fading rates 
for several materials are shown in Table 3-2.
Table 3-2: Fade rates for some commercial TLD materials [50, 61]
TLD Dosimeter TLD Materials Thermal Fading
TLD 100 LiF:Mg, Ti 5 -  10% per year
TLD 200 CaFgiDy 16% in two weeks
TLD 400 Cap2:Mn 15% in three months
TLD 500 AljOa-.C 3% per year
TLD 600 ®LlF:Mg, Ti 5% per year
TLD 700 LiF:Mg,Ti 5% per year
TLD 800 Li2B40?:Mn 5% in three months
TLD 900 CaSO^zDy 8% in six months
3.3 TL Response of Ge-Doped Si02 Optical Fibre Dosimeters Subjected to 
Photon and Electron Beam Radiation
3.3.1 Introduction
In several dosimetry applications, the main purpose in characterisation efforts is to 
determine the sensitivity of the dosimeter, preferably also offers a linear response to the 
adsorbed dose. In particular for this study, focus has been made of this new candidate TL
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material for radiation therapy dosimetry applications. In so doing, it is important to 
investigate the possible linear dose response between absorbed dose and 
thermoluminescent intensity over a wide dose range, at least over the range of interest for 
applications as well as the energy response of the dosimeter. It is further advantageous for 
a TL to be closely similar to human tissue. Table 3-6 shows the example of commercial 
TLD dosimeter response for useful range of doses.
Table 3-3: Dose response for some commercial TLD materials [50, 61]
TLD Dosimeter TLD Materials Dose Response Range
TLD 100 LiF:Mg, Ti 10 pG y- 10 Gy
TLD 200 CaFziDy 0.1 pGy -  10 Gy
TLD 400 CaF2:Mn 0.1 pGy- 100 Gy
TLD 500 AEOs-.C 0.05pG y-l Gy
TLD 600/H ®LiF:Mg, Ti 10 pGy -  10 Gy/1 pGy -  20 Gy
TLD 700/H ’LiF:Mg,Ti 10 pGy -  10 Gy/1 pGy -  20 Gy
TLD 800 Li2B40?:Mn 100 pGy -  3 Gy
TLD 900 CaS04:Dy 1 pGy -  30 Gy
Dopant added to the core structure of the commercial optical fibres creates the 
situation for total internal reflection, altering the refractive index in a controlled way to 
make the fibres suitable for communication purposes. Fortuitously, the dopant also 
provides for TL radiation dosimetry applications, the defect centres mediating the 
resultant TL yield of irradiated fibres. In the case of Ge-doped SiOi optical fibre, the non 
uniformities in the distribution of added dopant will influence the TL yields. As such, a 
selection procedure fibre has been adopted to identify optical fibre samples that when 
irradiated at a fixed dose gives rise to TL readings that are consistent.
It is apparent that the TL signal is a function of the absorbed dose [50]. Within a 
restricted dose range, the light emitted by the TL material can be expected increase 
linearly. However, measurements for higher dose range often diverge from linearity to 
supralinear or sublinear response [50]. The supralinearity response can be described due 
to large radiation doses causing damage to the medium and creating more traps. The
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sublinearity response is believed to occur when the TL material reaches the saturation in 
electron-hole trap numbers. The threshold of these effects will vary with the material.
3.3.2 Experimental Setup
To investigate the dose response linearity and the energy response of the 
dosimeter investigated, the selected Ge-doped Si0 2  optical fibre were irradiated over the 
dose range 1 -  50 Gy at various electron and photon beam energies, the dose being 
delivered at a constant dose-rate of 400 cGy m in '\ A total of 20 samples of Ge-doped 
SiÜ2 optical fibres were placed in each gelatine capsule for each dose delivered. For 
photon beam irradiations use was made at each of the nominal energies of 6 , 10 and 15 
MV while for electron beam irradiations use was made at each of the electron energies 9, 
16 and 20 MeV. The dosimeters (in capsules) were placed in an epoxy resin solid water 
phantom at 2.0 cm and 1.5 cm depth for the photon and electron irradiations respectively, 
using a field size of 10 cm x 10 cm and a standard Source Surface Distance (SSD) of 100 
cm.
3.3.3 Results and Discussion
Figure 3-11 and 3-12 show two separate sets of dose response linearity curves in a 
dose range familiar to conventional radiation therapy covering doses from 1 Gy up to of 
50 Gy. One set is for photon beams, specifically at nominal energies of 6 , 10 and 15 MV, 
while the other is for electron beams, specifically at energies of 9, 16 and 20 MeV. Over 
the range of doses delivered, linearity of TL yield has been obtained, the correlation 
coefficient (r^) being observed to be better than 0.998 and 0.999 (at the 95% confidence 
level) for photon and electron beams respectively.
The least-squares straight line fits of Figure 3-11 and 3-12, reveal a TL light yield 
(in counts per second per unit mass of fibre, x 10 )^, corresponding to a dose-dependency 
of ~ 4 X the absorbed dose, measured in Gy, for photon irradiations and ~ 3 x the 
absorbed dose, measured in Gy, for electron irradiations. It is evident that the fibres 
provide the basis for sensitive dosimetry throughout this range, the TL yield increasing by 
on average 90 % and 94 % per for each additional IGy of dose delivered for photon and 
electron energies respectively. In regard to energy response, a marked reduction in TL 
yield is observed for the electron beams, decreasing by 23 % in comparing the TL yield at
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20 MeV with that at 9 MeV for a dose of 50 Gy. For photon beams at a dose of 50 Gy, an 
approximate 6 % decrease is observed between the TL yield obtained at 6  and 15 MV. In 
addition it is noted appreciable energy dependence for both electron and photon beams.
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Figure 3-11: TL response of silica based optical fibres obtained in the nominal photon energy range, 6 - 1 5  
MV. The lines are least-squares straight line fits to the data; the greatest gradient corresponds to 6 MY 
irradiations, while that with the least gradient corresponds to 15 MV irradiations. The inset shows dose 
response in the lower dose range, 1 to 12 Gy.
In comparing the TL response of Ge-doped SiOa for electron beams is lower than 
photon beams. This may be explained by dependence of electron beam scattering and the 
range of the electron upon density and atomic composition, the effects of heterogeneity 
upon the dose distribution are more pronounced for electron beams than for photons. 
Electrons being charged particles the energy will lose continuously as they pass through 
matter and it also undergo significant scatter as electrons are light paitides. The effect of
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air cavities in capsule on the dose distribution can be significant, causing the results. It is 
important to take such factors into account in providing for the precision and accuracy of 
radiotherapy dosimetry. The need for calibrations carried out under conditions similar to 
that for field conditions is underlined.
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Figure 3-12: TL response of silica based optical fibers obtained in the electron energy range 9 - 2 0  MeV.
The lines are least-squares straight line fits to the data; the greatest gradient corresponds to 9 MeV 
irradiations, while that with the least gradient corresponds to 20 MeV irradiations. The inset shows the dose 
response in the dose range, 1 to 12 Gy.
3.4 TL Response of Ge-doped SiOa Optical Fibre for Synchrotron Microbeam
Radiation Therapy (MRT)
3.4.1 Introduction
At the ESRF, a preclinical microbeam radiation therapy program of research is 
being earned out [24] for treatment of brain tumours in infants and young children. The 
synchrotron X-rays being confined to very thin slice planar beams arranged in parallel
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arrays with spaces in between. Specifically, use is being made of a -20 - 30 pm wide 
-100-400 pm c-t-c (centre to centre) spaced parallel array of X-ray microbeams. As a 
result, this spatially fractionated irradiation will deliver high peak dose values and 
relatively low valley dose values [2 2 ].
Unlike the X-ray sources used in conventional clinical radiation therapy, a 
synchrotron facility can deliver extremely high dose-rates (- hundreds of kGy min'^). The 
ESRF microbeam radiation therapy facility is capable of dose gradients of about hundreds 
of Gy over a few microns. It is in this context of validation that the thermoluminescence 
response of Ge-doped Si0 2  optical fibre is of interest, measuring the dose distributions 
and doses delivered in application of the highly varied dose distribution regime of 
synchrotron microbeam radiation therapy.
Previous studies at conventional electron linear accelerator (Linac) radiotherapy 
facilities show Ge-doped SiOz optical fibre to offer useful sensitivity to radiotherapy 
doses, it also being established that the fibres can provide a high level of TL-yield 
reproducibility. The objective of the present experiment has been to investigate the TL 
sensitivity of Ge-doped SiOz optical fibres at incident energies of several tens of keV, for 
a wide range of doses, from 1 Gy to 10 kGy.
3.4.2 Experimental Setup
All irradiations were carried out at the European Synchrotron Radiation Facility 
(ESRF) in Grenoble on the ID 17 Biomedical Beamline. This beamline uses a wiggler 
source to produce an intense, highly collimated synchrotron X-ray beam from the 6  GeV 
electrons circulating at a beam current of approximately 200 mA. The beam was a filtered 
white beam spectrum, the lower energies being cut off through use of 1.5 mm of 
aluminium and 1.0 mm of copper. This resulted in a maximum intensity at 83 keV, the 
energy spectrum covering the range 50 to 350 keV with a mean energy of 107 keV [18]. 
After the passage through a beryllium window, the beam is in air and passes through an 
ionization chamber (ICl) before impinging on a single set of slits placed at 41.051 m 
from the source. The opening of the single slits can be varied in width from a few microns 
up to several mm and the entrance dose on the samples can similarly be varied over 
several orders of magnitude.
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The optical fibres were placed in gelatine capsules of 0.30 ml volume with 40 
fibres in each capsule to allow dose reproducibility to be investigated at each delivered 
dose (Figure 3-13). Each capsule was then passed through the beam, providing 
investigation of dose response for on-sample doses of between 1 Gy and 10 kGy, 
delivered at a dose rate of -  80 Gy per second per mA in the machine. The irradiations 
were performed by moving the samples through the beam to provide a treatment field of 
18 mm width and 12  mm high, at a distance of ~1 m from collimator.
I
Figure 3-13: Irradiation setup for Ge-doped SiOg optical fibres using the ESRF microbeam radiation 
therapy (MRT), The irradiations were performed by moving the samples through the beam to provide a 
treatment field of 18 mm width and 12 mm high, at a distance of ~1 m from collimator. Inset shows the Ge- 
doped Si02  optical fibres placed in gelatine capsules.
A fast shutter system [154], which is positioned upstream of the slits is 
synchronized with the vertical translation of the goniometer, and permits specifying the 
time that each element of the sample is exposed to the beam. An acceleration and 
deceleration time is calculated and automatically applied to ensure smooth movements of 
the target during the exposure. The incident intensity is measured using a calibrated PTW 
ion chamber scanning through the beam at the position of the goniometer prior to every 
microbeam radiation therapy experiment. During the exposures of the dosimeters a 
relative intensity measurement using a transmission ion chambers (not calibrated) was 
recorded.
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3.4.3 Results and Discussions
The TL responses (Figures 3-14 -  3.16) are shown for three separate dose ranges, 
as follows: 1 -  30 Gy (corresponding to a dose range familiar in conventional teletherapy 
and covering fractionated doses of 2 Gy up to multiple fractionated doses); 1 - 2  kGy 
(coiTcsponding to a range of doses familiar in synchrotron microbeam therapy) and; 1 -  
10 kGy (corresponding to doses in excess of that expected to be used in synchrotron 
microbeam therapy investigations).
Dose response in term of TL yields for a dose range 1 - 30 Gy
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Figure 3-14: Dose response curve for Ge-doped optical fibres irradiated using the ESRF microbeam 
radiation therapy facility for doses in the range 1-30 Gy. The solid line is the least-squares fit to the data, 
obtaining a correlation coefficient of 0.999. Note that for doses below 8 Gy, the errors are smaller than the 
size of the individual data points. A similar situation prevails for Figures 3 .15-3.16.
The increase in TL yield with dose is seen to remain linear over a wide range of 
values, specifically from 1 Gy up to 2 kGy, showing saturation of yield beyond that. Over 
the range of doses for which linearity with TL yield has been obtained, the correlation 
coefficient (r )^ was observed to progressively reduce from 0.999 to 0.997 (at the 95% 
confidence level). Over the dose range 1 -  30 Gy the TL light yield (in counts per second
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per unit mass of fibre, x 10 )^ conesponds to a dose-dependency of [(5 x the absorbed 
dose, measured in Gy) 4- 0.3]. It is evident that the fibres provide the basis for sensitive 
dosimetry throughout this range, the TL yield increasing by 89% per additional 1 Gy of 
dose delivered. For a dose of 5 kGy and present inadiation conditions, there is a loss in 
TL yield through saturation of 30 % compared with that of linear behaviour. The 
saturation effect is almost certainly due to manifest filling of available defect (dopant) 
centres. The dependency of TL yield upon absorbed dose in this saturation region takes 
on a well-behaved quadratic form that allows an extended calibration for dose to be made 
for doses well in excess of 8 kGy, for present irradiation conditions.
Dose response in term of TL yields for a dose range 1 - 2 kGy
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Figure 3-15: Dose response curve for Ge-doped optical fibres irradiated using the ESRF microbeam 
radiation therapy facility for doses in the range 1-2 kGy. The solid line is the least-squares fit to the data, 
obtaining a correlation coefficient of 0.997.
Comparison can be made with previous measurements using the same type of Ge- 
doped fibres. In irradiations made using a conventional therapy linear accelerator, 
delivered at a nominal photon energy of 6 , 10 and 15 MV over a dose range of 1 -  50 Gy,
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lineality with dose is in accord with a TL response (in counts per second per unit mass of 
fibre, x 10 )^ of [(4 x the absorbed dose, measured in Gy) + 0.2]. In the linear region, 
present results are thus some 1.25 times greater in TL yield per unit dose than 
measurements obtained using the same type of Ge-doped for irradiations made at nominal 
photon energies of 6 , 10 and 15 MV. This is in line with expectation, given the greater 
detection efficiency of fibres at the lower photon energies used herein.
Dose response in terms of TL yield for doses in the range 1 -1 0  kGy
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Figure 3-16: Dose response curve for Ge-doped optical fibres irradiated using the ESRF microbeam 
radiation therapy facility for doses in the range 1-10 kGy. The least squares curve obtained for the described 
irradiation conditions reveals a quadratic dose dependency that could form the basis of an extended 
calibration for doses of up to -8  kGy.
The TL response (Figures 3-17) is shown in the form of a log-log graph. The solid 
line is a least-square fits to the data, obtaining a conelation coefficient of 0.998. A Chi 
Square Goodness of Fits Test has been carried out producing = 0.0053 at the 5% 
significance level, the associated probability being 0.997.
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Figure 3-17: Dose response curve for Ge-doped optical fibres irradiated using the ESRF microbeam 
radiation therapy facility for doses in the range IGy -10 kGy. The solid line is the least-squares fits to the 
data, obtaining a correlation coefficient of 0.998.
It can be concluded that commercially produced Ge-doped S1O2 
telecommunication fibres of ~ 125 pm diameter offer high spatial resolution dosimetry, 
the TL-yield being reproducible (to within 3 %). A linear response is obtained over the 
dose range 1 Gy -  2 kGy, with a correlation coefficient of 0.998 or better. This is 
adequate for the needs of synchrotron microbeam radiotherapy dosimetry, with entrance 
doses being typically <2 kGy. What is not yet established is whether there is reciprocity 
between TL yield and dose over a wide range of extreme dose-rates. Similarly, it would 
seem essential to examine the energy response of the Ge-doped silica fibre dosimeters for 
incident energies between a few keV up to in excess of 100 keV.
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3.5 Reciprocity Effect in use of Ge-Doped SiOz Optical Fibre Dosimeters
3.5.1 Introduction
Radiotherapy concerns the use of high-energy ionizing radiation, primarily to treat 
cancer. When used as a curative therapy, the aim is to deliver radiation doses that are 
sufficient to control local malignant disease but to spare dose to critical organs at risk. A 
particular need is to maximize the dose to the target volume while minimizing the dose to 
surrounding healthy tissue. This involves producing accurate treatment plans and 
performing dosimetry to ensure that prescribed doses are delivered. Therefore evaluation 
of the precision and accuracy in measured absorbed dose is an important component in 
the delivery of radiotherapy.
Sources of uncertainty in measurement concern reproducibility of dosimeter dose 
response, dose-rate effects and energy response. These sources of uncertainty in 
dosimetry need to be evaluated in introducing any new dosimetric system. In respect of 
dose-rate, for an ideal dosimetric system there should be reciprocity between measured 
response and dose-rate for fixed doses, the reciprocity law having the form;
I  x t= a  constant (3.2)
Experimental deviation from the reciprocity law is referred to as “reciprocity law 
failure” [155] or otherwise as the “Schwarzschild effect” [156]. This effect might be 
expected to occur to some extent in all chemical dosimetric systems. Bunsen and Roscoe, 
credited with conducting the first reciprocity law experiments in investigation of photo 
materials [155], concluded from their results that the photochemical reaction mechanisms 
depended only on the total absorbed energy and were statistically independent of the two 
factors that determine total absorbed energy, radiant intensity, 1, and exposure time, t. 
Conversely, Schwarzschild observed that the optical density (OD) of a processed 
photographic plate exposed to visible light did not simply depend on the product of light 
intensity and irradiation time, but also upon irradiation time [156, 157].
As before the present study makes use of the TL signal stored in commercially 
available Ge-doped SiOz optical fibres subjected to ionizing radiation. Similarly, Ge- 
doped SiOz optical fibres with dimensions of 5.0 ± 0.1  mm length and 125.0 ± 0 .1  pm
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diameter are used. Compared with the use of TL phosphors, the fibres not only offer the 
possibility of improved positional sensitivity (fibre diameters are sub-millimetre, typically 
-125 pm compared with the -  millimetre dimensions of the phosphor dosimeters) but 
also, since the fibres are impervious to water (the silicates forming a glass in the fibre- 
performing process), this paves the way for their use in intercavitary and interstitial 
measurements. Based on these attributes, a feasibility test for the use of these dosimeters 
in radiotherapy applications has been undertaken. This includes the uncertainties 
involved, reproducibility, the effect of fading and response to dose rate and beam energy.
This form of dosimeter has previously been shown by the group to provide 
sensitive dosimetry over a wide range of electron and photon dose [80, 84], sufficient to 
provide for the needs of radiotherapy. In the radiotherapy regime, study has been 
conducted investigations of a possible Schwarzschild effect in the irradiation of these 
dosimeters by high-energy electrons and photons, for a range of dose-rates extending 
either side of the conventionally applied dose rates in radiotherapy, of the order of a few 
hundred cGy min"\
In this investigation, use has been made of two clinical linear accelerators to allow 
for electron and photon energies, the intention being to examine whether reciprocity holds 
in TL response of the fibres i.e. an observable response depending only on the total dose, 
independent of the two variables, dose-rate and duration of irradiation. The electron and 
photon energies used herein allow such effects to be studied in some detail.
3.5.2 Experimental Setup
The selected Ge-doped SiOz optical fibres were irradiated using a “Varian Clinac 
2100” linear accelerator located at the Royal Surrey County Hospital, the choice of 
accelerator depending upon the energy required. The reciprocity law experiment was 
investigated using various energies of photon and electron beam. Electron beam energy 
irradiations were made at nominal electron energies of 9, 16 and 20 MeV, while the 
photon irradiations were made at nominal photon energies of 6  MV, 10 MV and 15 MV. 
The irradiations were made for a (10 x 10) cm^ field size. The dosimeters were placed in 
an epoxy resin solid water phantom at 1.5 cm and 2.0 cm depth for the electron and 
photon irradiations respectively, using a standard Source Surface Distance (SSD) of 100 
cm. Each gelatine capsule was irradiated to a fixed dose of 3 Gy, irradiations being made
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at dose rates in the range 100 -  1000 cGy min"  ^ for electron beams and 100 -  600 cGy 
min'^ for photon beams.
The readout system used for this study was a Solaro TL Reader (Vinten TLD, 
Reading, UK). The heating cycle consisted of preheat, readout, anneal and cool segments. 
Preheat isolates the light generated from low-energy traps from the main signal to 
minimize fading. The time-temperature profile in this study was set at a preheat 
temperature of 160 °C within 10 s, with the readout segment set at the temperature 300°C 
for 25s. Finally an annealing temperature of 300°C was applied for 10s to erase any 
residual signal. The planchet, of ~ 0.8 cm diameter, could accommodate optical fibres cut 
to a length of ~ 0.5 cm. The weight of each optical fibre was measured by taking the 
average of the number of fibres in each capsule. The weight of each fibre varied in the 
range 0.20 - 0.25 mg. The TL measurements were corrected to provide counts per second 
per unit mass of fibre, readings being taken under a gas flow of nitrogen. The net 
measurements were obtained by subtracting the background values (the background being 
~ 0.001% of the gross TL yield at 3 Gy).
3.5.3 Results and Discussions
The variability in TL response of the Ge-doped SiOa optical fibres for photon and 
electron beam providing a dose response better than 3% of the global mean value. The TL 
response of Ge-doped SiOi optical fibre has been shown in previous study to be capable 
of providing a precise and accurate dosimeter for acute radiation doses, its application to a 
range of dose-rates in radiotherapy has not been previously demonstrated.
Present study, as mentioned a range of nominal energies used in radiotherapy, that 
are 9 - 20 MeV electron and 6 - 1 5  MV photon has been investigated at an absolute dose 
of 3 Gy for dose rates range of 100-1000 cGy min”  ^ for electron beams and 100-600 cGy 
min“  ^ for photon beams irradiation. The results in Figure 3-18 and 3-19 show a small but 
systematic difference between the TL response at lower and higher dose-rates for photon 
and electron beams respectively. Also observed is an under-response that develops with 
increasing dose-rate as shown by the various least-squares straight line fits. The value of 
the negative slope agrees across the photon and electron energies.
For the photon beam results, the reduction in TL yield at the highest dose rate 
when compared with that at the lowest dose rate is 2.6%, 2.8% and 2.5% for the 6 MV, 10
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MV and 15 MV beams respectively. For the electron beam results, the reduction in TL 
yield at the highest dose rate when compared with that at the lowest dose rate is 3.5%, 
3.9% and 3.8% for the 9 MeV, 16 MeV and 20 MeV beams respectively. This can be 
explained by the behaviour of electrons transition between the traps and centre described 
by Chen [158]. Large TL yield from the materials is due to efficient trapping-detrapping 
and excitation process, which depends on radiation intensity and exposure time. Further 
investigations beyond the extreme dose rate performed in this study may be able to better 
visualize the “Schwai'zschild effect”.
With regard to energy response, marked reduction in TL yield is observed for the 
electron beams, decreasing for instance by 11 % when comparing the TL yield at 16 MeV 
with that at 9 MeV for a dose rate of 400 cGy min'^ and again 13% when comparing the 
yield at 20 MeV with that at 16 MeV, again for a dose rate of 400 cGy m in'\ For photon 
beams at a dose-rate of 400 cGy min"\ an approximate 2 % decrease is observed between 
the TL yield obtained at 6 and 15 MV.
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Figure 3-18; TL dose response for an absolute dose of 3Gy in the photon energy ranges 6 - 1 5  MV, with 
dose dehvered at rates in the range 100-600 cGy/min
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Figure 3-19: TL dose response for an absolute dose of 3Gy in the electron energy ranges 9 - 2 0  MeV, with 
dose delivered at rates in the range 100-1000 cGy/min
A consistent trend towards an under response in TL yield of between 3.4 to 3.9 % 
and 2.5 -  2.8 % was noticed for electron and photon energies respectively at the higher 
dose rates when in comparison to the response at lower dose rates. As discussed in a 
previous section, it is also of note that there is significant of energy dependence for both 
electron and photon beams. It is important to take such factors into account in providing 
for the precision and accuracy of radiotherapy dosimetry. The need for calibrations 
carried out under conditions similar to that for field conditions is underlined.
3.6 Conclusion
Present studies have been aimed at characterising the Ge-doped silica optical fibre 
system as 1-D dosimeter for applications in radiation therapy. In this chapter, studies have
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been carried out to establish the uncertainties involved and the stability of TL response in 
terms of reproducibility, reusability and fading effect. In addition dose linearity and 
energy response of the Ge-doped silica optical fibres have also been investigated at 
various photon and electron energies. Dose rate effect on response has taken into account 
as this is expected to be a significant factor in microbeam radiation therapy and interface 
radiation dosimetry. It is important to take such factors into account in providing a precise 
and accurate dosimetry for radiation therapy applications.
At a fixed dose-rate TL response of commercial Ge doped SiOz optical fibres 
were found to vary by up to 10% of the mean value when normalizing the 
thermoluminescence yield to unit mass of the fibres to account for minor variations in the 
cut length. As a result of the screening process, the selected Ge-doped SiOz optical fibres 
were subsequently found to produce a flat response, to within better than 3% (1 S.D) of 
the mean of the TL distribution. The variation of TL yields, obtained for each batch of 
Ge-doped SiOz optical fibres investigated, is almost certainly explained by doping 
concentration variation from point to point along the length of an optical fibre. Therefore 
the screening process is seen to be of great importance in controlling the sensitivity of this 
dosimetry system.
Ge-doped Si02 optical fibres have been also demonstrated to have good 
reproducibility and reusability; it calculated as the percent error (1 S.D.) of the means of 
five individual sets of measurements, the variation is within 0.59 %. In terms of the loss 
of TL signal due to fading, the average loss of TL signal is -0.4% per day within the first 
week post irradiation increasing to 1.2% per day in the second week. Therefore, it is 
apparent that the optical fibres can be re-used following thermal annealing without 
detriment to dose-response. A statistical analysis by a t-test of paired means for any pair 
was used to determine whether the arithmetic means of two sets of data were significantly 
different to one another. The result shows an insignificant difference between the sets of 
measurements.
Dose linearity and the energy response of Ge-doped SiOz optical fibres were also 
tested for a range of photon and electron energies. The dosimeter showed good linearity 
of response up to a dose of 50 Gy (the largest dose applied) for both photon and electron 
beams. Over the range of doses delivered (1 -50 Gy), for each nominal photon energy (6 , 
10 and 15 MV) and electron energy (9, 16 and 20 MeV) investigated, linearity of TL
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yield has been obtained, the correlation coefficient (r )^ being observed to be better than 
0.998 and 0.999 (at the 95% confidence level) for photon and electron beams 
respectively. When irradiated at a mean energy of 100 keV at the ESRF synchrotron X- 
ray microbeam radiation therapy (MRT) facility, a linear response is observed over the 
dose range 1 Gy -  2 kGy with saturation of TL yield beyond that (up to 10 kGy). The 
dose response is linear with a correlation coefficient of 0.998 or better. This is adequate 
for the needs of synchrotron microbeam radiotherapy dosimetry, with entrance doses 
being typically <2 kGy.
Studies were also made of dose rate effects, for photon beams, the reduction in TL 
yield at the highest dose rate compared with that at the lowest dose rate is 2 .6 %, 2 .8 % and 
2.5% for the 6  MV, 10 MV and 15 MV beams respectively. While, for electron beams the 
reduction in TL yield at the highest dose rate compared with that at the lowest dose rate is 
3.5%, 3.9% and 3.8% for the 9 MeV, 16 MeV and 20 MeV beams respectively. The 
results shows a consistent trend towards an under response in TL yield for electron and 
photon energies for increasing dose rates in comparison to the response at lower dose 
rates. Further investigations beyond the dose rate range performed in this study might be 
useful in determine the magnitude of the “Schwarzschild effect” for applications such as 
radiation sterilisation of manufacturer products.
With consider to energy response, a marked reduction in TL yield has been 
observed from the dose response and the dose rate experiments for both photon and 
electron beams. It is important to take such factors into account in providing for the 
precision and accuracy of radiotherapy dosimetry. The need for calibrations carried out 
under conditions similar to that for field conditions is underlined.
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Chapter 4
4 Applications of Doped Silica in Interface 
Radiation Dosimetry
4.1 Introduction
Recent advances in fibre and communications technology have provided for new 
applications that require the development of radiation hardened optical fibres and 
components [69]. Studies of the dosimetric properties of commercially produced Ge- 
doped SiOz optical fibres have been performed by several research groups using 
synchrotron X-ray microbeam radiation as well as for kilovoltage to high energy 
(megavoltage) photon beams and electron beams, demonstrating the potential of Ge- 
doped SiOz optical fibres as a novel form of TL dosimeter for radiation therapy dosimetry 
[70,71,78-84].
Highly sensitive in vivo dosimetry systems are needed in order to measure the dose 
in tissues. Commercially available purpose made thermoluminescence dosimeters (TLDs) 
offer limited spatial resolution of the order of a few millimetre (mm). Relatively small 
diameter (several tens of pm) Ge-doped SiOz optical fibres make possible 
thermoluminescence (TL) dosimetry offering high spatial resolution. It is expected that 
such fibres will provide radiation measurements close to that of an ideal Bragg-Gray 
cavity. In the accurate evaluation of absorbed radiation dose this is important, being a 
critical consideration for non-tissue equivalent probes such as Ge-doped SiOz optical 
fibres.
The concentration of Ge in doped SiOz optical fibres used in this study is 0.15 -  
0.19 mol % based on SEM and EDXRS analysis [80, 82]. The effective atomic number, 
Zeff for Ge-doped SiOz optical fibres is 11.4, determined using SEM and EDXRF analysis 
[82], the value of Zeff in soft tissue being 7.42 and the value of Zeff for bones 11.6 - 13.8
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[50, 159]. One further advantage of Ge-doped SiOz optical fibres dosimeters is that they 
are water resistant and therefore it becomes possible to locate the fibre dosimeter within a 
particular tissue of interest; this suggests the possible use of Ge-doped SiOz optical fibres 
in a variety of interface dosimetry situations, as in for instance for dosimetry application 
in radiation synovectomy.
In the previous chapter, characterisation of Ge-doped SiOz optical fibres has been 
discussed in terms of a number of factors, including uncertainty, reproducibility, dose 
linearity, dose-rate effect and energy dependence. Based on these results, present study 
seeks to investigate the use of the T L  signal stored in Ge-doped SiOz optical fibres for 
applications in interface radiation dosimetry. For this, the potential of such a dosimeter 
has been examined through two experiments, demonstrating accurate dosimetry for 
photoelectron dose enhancement from high atomic number (Z) material and in 
measurement of UV radiation, with possible utility in radiation synovectomy and in UV 
phototherapy.
4.2 Synovial Membrane and Radiation Synovectomy
A painful and swelling joint is one of the most common indications for people with 
joint disease, a particular condition been chronic synovial inflammation. This 
inflammation is due to excessive growth of the membrane linking the joints, referred as 
synovium. Normal synovium usually produces synovial fluid that helps lubricate the joint. 
However, when the synovium swells as above, it produces an excess of synovial fluid. 
The latter contains an enzyme that in large quantities eats away at the articular cartilage 
on the joint surface. Thus loss of cartilage eventually leads to damage of the joint surface 
[160].
A common joint disease is rheumatic arthritis. The joint damage caused by 
rheumatic joint disease progresses in three basic phases. In the first phase, the synovial 
membrane becomes inflamed. In the second phase, the membrane thickens. In the third 
phase, the cells of the membrane secrete enzymes that digest the surrounding bone and 
cartilage resulting in joint deformity. This results in joint inflammation (redness and heat 
around the joint) as well as the digestion of the surrounding structures. This will continue 
with the joint pain and the tendency of the condition to migrate from joint to joint around 
the body.
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Figure 4-1: (a) Cut-section view of normal knee joint, (b) cut section view of inflamed knee joint and (c) 
example cases of osteoarthritis and rheumatoid arthritis of the knee joint [161].
Synovectomy is the surgical removal of the inflammation of the synovium 
membrane of a synovial joint. This is one of the treatment options for certain diseases 
involving the synovial layer, including rheumatoid arthritis, psoriatic arthritis, reactive 
arthritis, osteoarthritis, crystal arthritis, haemophilic arthritis, ankylosing spondylitis, 
pigmented villonodulai* synovitis (PVNS) and juvenile chronics arthritis (Figure 4-2). 
Radiation synovectomy is an alternative synovial treatment. Beta-particle emission 
radionuclide is the general method, treating or destroying inflamed and diseased 
synovium, beta particles travelling only 1 to 3 mm in soft tissues [160, 162-167].
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Radiation synovectomy has been widely practised throughout Europe, Australia, 
South Africa, Mexico and Canada; however, it is prevented in the United States by 
concerns of leakage of radioactivity from the injected joint. The first published reports of 
the radiation synovectomy technique date back as fai* as 1924, as reported by Über [167]. 
In clinical practice, the first results were published in 1952 reports by Schmid et al., 
[167]. Figure 4-3 shows the relative frequency of various joint treatments with radiation 
synovectomy in Europe between 1991 and 1993.
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Figure 4-2: Disease prevalence in patients treated by radiation synovectomy based on a survey of radiation 
synovectomy in Europe from 1991 to 1993 [166]
Radiation synoveetomy treatment involves injection of a suitable radioactive 
substance into the synovial cavity, the injected radionuclide making contact with the 
synovial membrane. A therapeutic dose will be given to the synovial tissue during decay 
of the radioactive isotope. The selection of the radionuclide depends on the size of the 
joint. For smaller joints, a relatively low energy should be used, obviously controlling the 
penetration. The half life of the radionuclide used is from 2.3 hrs (^ *^ D^y) to 27.8 days 
(^^Cr). The emission energy of these beta emitters varies from 0.34 MeV (0.33 mm 
penetration in tissue) in the case of ^^ ^Re and 2.27 MeV (3.6 mm penetration in tissue) for 
Four radionuclides have been commonly used in radiation synovectomy, there are
Y, '""Re, '"""Re and ^^ ^Dy [166].
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Figure 4-3: Frequency of joint treatment based on a survey of radiation synovectomy in Europe from 1991 
to 1993 [166]
As mentioned, a major concern regarding radiation synovectomy therapy is the 
leakage of radionuclide to non-target organs outside the injected joint. The literature 
describes the leakage problem in radiation synovectomy as probably being due to the fact 
that the radionuelides eunently employed in radiation synovectomy are inorganic 
colloids. The eseape of these colloids from the joint can lead to significant radiation 
exposure to the liver, spleen, and draining inguinal lymph nodes [160]. Leakage rates in 
the past have been reported, with up to 20% -  50% of the injected radioactivity escaping 
[165].
In one study [168] 185 MBq of ^°Y-citrate, ^^Y-silieate and 111 MBq of ^^^Re- 
sulfide were injected intra articular into the joints. The mean calculated leakage values of 
intra articular injected ^*^Y-citrate, ^°Y-silicate and ^^^Re-sulfide of colloid particle 
diameter 1000- 2500 nm, 1000-2500 nm and 50-500 nm respectively, are 3.15%, 2.3% 
and 2.5% respectively, whereas the median leakage values are 1.9%, 2.4% and 2.7%. The 
range of leakage values for ^^Y-citrate was 0-13%, for ^°Y-silicate 0.5-5% and for ^^^Re- 
sulfide 1.1-6%. ^^Y silicate with particle size of 10 to 100 nm was reported to be 5% to 
10% 24 hours after administration and up to 15% to 25% at 5 days. For mid sized joints, 
^^^Re-sulfide was also investigated in clinical trials, reaching a 6 % leakage value of the 
injected activity.
© A.T. Abdul Rahman 2011 87
Applications o f Doped Silica in Interface Radiation Dosimetry
Study o f  a 1-D and a 3-D Detectors fo r Application in Radiation Therapy
Other than the leakage problem, skin necrosis is also an important complication 
after intra articular injection of radioactive drugs in radiation synovectomy. This includes 
local skin burn lesions, minor pigmentation at the injection site, extravasations of the 
isotope and needle track ulcers, recorded as major toxicity issues [169-171]. Figure 4-4 
shows a case study of skin necrosis (4 - 5 cm in extent) oecurring at the site of injection 
with in radiation synovectomy treating chronic synovitis [170].
wI - I f
Figure 4-4: Skin radiation necrosis after Y-90 intra-articular injection [170].
While attempts at minimizing leakage values are still continuing, a completely 
safe permissible leakage value to perform radiation synovectomy has not been 
determined. It is always mentioned that it should be as low as possible. The discordant 
results in the literature and recent trends encourage new studies to explore ways of 
minimizing radiation dose to non target organs. With regard to this, this study seeks to 
made use of X-ray induced photoelectron dose enhancement at the treatment side in the 
use of iodinated contrast media instead of use radionuclide therapy. Due to its excellent 
spatial resolution, Ge-doped SiOz optical fibres dosimeter is used to measure the dose 
enhancement distribution. Monte Carlo simulation (MCNPX v.2.6) was used to verify 
results of the experiment.
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4.3 Dose Enhancement in Use of lodinate Contrast Media
X-ray phototherapy is a technique that offers considerable promise in synovectomy 
[172] and tumour treatment [173]. In such applications, the treatment volume is loaded 
with for instance iodinated contrast medium (as an example of a high atomic number (Z) 
medium that can safely be used within the body) and exposed to kilovoltage X-rays. At 
kilovoltage energies, the large photoelectric cross sections of iodine results in substantial 
photoelectric interactions. The high linear energy transfer (11.5 keV pm'^) and short 
range of the photoelectric interaction products (photoelectrons, characteristic X-rays and 
Auger electrons) give rise to localized dose enhancement which could be of interest in 
highly localized tissue treatments as in the inflamed synovial layer.
In the present work, experimental evidence has demonstrated dose enhancement in 
a gel with added iodine [173], while Monte Carlo calculations have quantified the dose 
enhancement for various iodine concentrations [173, 174]. Present interest is in the 
potential of Ge-doped SiOz optical fibres in measuring photoelectron dose enhancement 
resulting from the use of moderate to high-Z media, in particular in regard to iodinated 
contrast media as might be applied in radiation synovectomy [175].
4.3.1 Dosimeter System
As described before, the dosimetry system was based on selected Ge-doped SiOz 
optical fibres, each with a mean length of 5.0 ±0.1 mm and 125.0 ±0.1 pm cladding 
diameter. The Ge-doped SiOz optical fibres were selected on the basis of an inter­
variation to fixed dose-rate of better than 3% (1 S.D) of the mean value being used. The 
selected fibres were prepared in groups of 2 0  pieces, arranged at each step of the phantom 
(Figure 4-5), while for the hole containing a reservoir of iodine; fibres were prepared with 
a mean length of 20 ± 0.1 mm to locate at around the wall of hole. The design of the 
phantom is described in section 4.3.2.
4.3.2 Phantom Device
A model membrane synovial treatment setup has been created using a specially 
designed phantom made from a polyurethane medium in the form of a cylinder (60 mm 
diameter x 60 mm height) and also separately a PMMA Perspex cube (60 mm x 60 mm x 
60 mm) each with a centrally located reservoir of iodine. This allow for repeat of the
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Study, seeking to demonstrate that any measured effect was not medium or geometry 
dependent. Each setup provided for measurement of dose enhancement resulting from 
intimate surface contact between Ge-doped SiOi optical fibres and the iodine contrast 
medium.
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Figure 4-5: The upper diagrams show a phantom made from a polyurethane medium in the form of a 
cylinder 60 mm diameter x 60 mm height, (a) side view and (b) top view. The lower diagrams show a 
phantom made from Perspex PMMA, in the form of a cube of dimension 60 mm x 60 mm x 60 mm, (a) side 
view and (b) top view.
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Variation from the effective atomic number, Zeff value and mass density of soft 
tissue can have significant effect upon the attenuation coefficient at low photon energy. 
As such effects have been made herein to minimise such influences. Phantom 1 was made 
from a cylinder polyurethane medium in the form of 60 mm diameter x 60 mm height. 
Phantom 1 is quasi tissue equivalent substance. The effective atomic number, Zeff value is 
8.65 and the mass density is approximately 1.101 gcm“  ^which are 17% and 10% higher 
than water respectively [104]. Phantom 2 was made from PMMA Perspex (CgOzHg) with 
a cube dimension of 70 mm x 70 mm x 70 mm. The mass density of the PMMA Perspex 
is approximately 1.190 g cm”  ^and the effective atomic, Zeff is 6.47 [176].
The phantom has been designed to consist of two important parts. The first part is 
a hole of 10 mm diameter x 2 0  mm depth in which is located the reservoir of iodine at the 
top of the phantom. This provides for measurement of photoelectron dose enhancement 
resulting from intimate surface contact between Ge-doped 8 %  optical fibres and the 
contrast medium, simulating the synovial membrane in contact with the contrast media. 
The contrast media used in this study is iodine NIOPAM (I2) the concentration of which 
is 370 mg of iodine per ml.
The second part, forming the lower part of the phantom, away from the iodine 
reservoir, is created in a stepped design with 10 mm width for each step across the 
phantom allowing for insertion of the fibers within the phantom to measure the dose 
deposited in surrounding soft tissue. This is important as comparison measurement of 
dose enhancement obtained. Figures 4-5 and 4-6 shows the phantoms made from 
polyurethane media and Perspex respectively.
4.3.3 Irradiation Setup
The irradiation was made using a PANTAK Superficial X-ray unit located at the 
Royal Surrey County Hospital. Studies have been repeated three times to test the 
reproducibility of the data obtained. The first irradiation used phantom 1 with a total dose 
delivered of 10 Gy. The second irradiation, repeated using phantom 1, was made under 
the same conditions but this time with the total dose delivered being 30 Gy. This was 
repeated in a third irradiation using the same irradiation setup but using phantom 2. The 
details of the experiments are described in Table 4-1.
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Figure 4-6: The irradiation setup for model in radiation synovectomy treatment, (a) the iodine contrast 
medium NIOPAM (I2) 370 (370 mg I/ml) was loaded in the hole of the phantom just prior to the irradiation, 
(b) the irradiation of phantom 1 and (c) the irradiation of phantom 2.
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Table 4-1: Details of irradiation setup for dose enhancement experiments
Irradiation 2“'* Irradiation 3'^ *’ Irradiation
Energy 90 kVp 90kVp 90kVp
HVL 2.5 mm Al 2.5 mm Al 2.5 mm Al
Dose 10 Gy 30 Gy 30 Gy
Dose rate 222 cGy min'* 222 cGy m in ' 222 cGy min^
Field size 8 cm diameter 8 cm diameter 8 cm diameter
SSD 30 cm 30 cm 30 cm
Phantom
Phantom 1 
(Polyurethane medium)
Phantom 1 
(Polyurethane medium)
Phantom 2 
(PMMA Perspex medium)
For the irradiation, Ge-doped SiOz optical fibres were arranged at each step and 
also around the inner surface of the hole of the phantom. The iodine contrast medium 
NIOPAM (I2) 370 (370 mg I/ml) was loaded in the hole of the phantom just prior to the 
irradiation. Figure 4-6 shows the irradiation setup for phantom 1 and phantom 2 
respectively. Comparison has been made with measurements of dose obtained away from 
the iodine reservoir as previously described. The washed fibres were subsequently 
readout using the Solaro TL reader based at the University of Surrey.
4.3.4 TL Yield Response and Kilovoltage Energy X-rays
Linearity of TL yield over the dose range 1 Gy to 35 Gy has first been examined. 
The irradiation was delivered at dose-rate of 222 cGy min'^ using previously identified 
PANTAK Superficial X-ray. The beam energy used was 90 kVp (HVL = 2.5 mm Al) 
with a field size of 8 cm diameter and surface to source distance (SSD) of 30 cm. The 
variability in TL response of the Ge-doped SiOz optical fibres has been described in 
previous chapter for both megavoltage photon and electron inadiations. Here chapter Ge- 
doped SiOz optical fibres are show to be capable of producing a uniformly linear TL 
response due to 90 kVp superficial X-ray of better than 3.2% (1 S.D) of the mean value 
after normalizing the TL yields to unit mass of the fibre to account for small variations in
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the cut length. Figure 4-9 shows the calibration curve of Ge-doped SiOz optical fibres for 
90 kVp superficial X-ray for the dose range investigated ( 1 - 3 5  Gy). The TL response 
over the dose ranges investigated at 90 kVp X-ray shows a good linearity with the 
correlation r^  being 0.998. The solid lines shown in Figure 4-9 is the least-squaies straight 
line fit to the measured data, revealing a TL light yield (in counts per second per unit 
mass of fibre, x 10 )^ corresponding to a dose-dependency of ~ 2 0  x the absorbed dose, 
measured in Gy, for low energy photon iiTadiations.
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Figure 4-7: Dose calibration curve of Ge-doped Si02 optical fibres irradiated at 90 kVp for a dose range of 
1 -  35 Gy.
Present results can be compared with that obtained using synchrotron X-ray 
microbeam radiation therapy facility in ESRF, delivered at a mean energy of 107 kVp 
over the energy spectrum 50 to 350 keV. Over the dose range 1 -  30 Gy the TL light yield 
(in counts per second per unit mass of fibre, x 10 )^ corresponds to a dose-dependency of 
5 X the absorbed dose, measured in Gy. The fibres provide the basis for sensitive 
dosimetry throughout this range with the TL yield increasing by 89% per additional 1 Gy 
of dose delivered.
As a result, the TL response of Ge-doped SiOz optical fibres irradiated to 
PANTAK Superficial X-ray shows 4 times greater. This can be explaining by dose rate 
effect on TL signal of the TL material. The PANTAK Superficial X-ray was delivered at
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dose rate of 222 cGy m in'\ compared to the dose rate of 80 Gy s'^was delivered using 
synchrotron X-ray microbeam radiation therapy facility in ESRF. A small dose rate 
applied in PANTAK Superficial X-ray required more time irradiation, in the same time 
allowed ample time interaction in doped silica material which able to produce more TL 
light yields within the irradiation period. This has been explained as reciprocity effect or 
“Schwarzschild effect” [156].
4.3.5 TL Yield Enhancement of lodinate Contrast Media
Results are presented here from measurement of photoelectron dose enhancement 
using iodinated contrast investigate media. Figures 4-8 to 4-10 show graphs of the TL 
yield for Ge-doped SiOz optical fibres from the three experiments previously described. 
Experiment 1 performed using phantom 1 (polyurethane), irradiated using a photon 
spectrum generated at 90kVp and an entrance surface dose of 10 Gy shows, the TL yield 
enhancement was observed to be 65% ± 2% (Figure 4-8). Experiment 2, performed using 
the same type of phantom 1 (polyurethane) and the same photon spectrum generated at 
90kVp beam but with an entrance surface dose of 30 Gy, shows the TL yield 
enhancement observed was 59% ± 2% (Figure 4-9). Experiment 3 was repeated the same 
irradiation scheme as experiment 2 but performed using phantom 2 (PMMA Perspex). 
Note that the location of iodine reservoir was 1 cm distance from the centre compared to 
the centrally located reservoir in phantom 1. The particular TL yield enhancement has 
been observed to be 60% ± 2% (Figure 4-10).
The main study concerned photoelectron enhancement through the use of a 
convertor, with significant dose enhancement being obtained at the interface between the 
phantom and contrast medium. On average an additional dose of 62% was generated 
through the use of the iodine compared to the dose in its absence. This increase in TL 
yield is due to the dose enhancement from photoelectrons generated in the iodine. The 
dose enhancement factor for iodine contrast media has been observed for energies near 
and above the k-edge of iodine (33.2 keV) [177]. Using the 90 kVp energy spectrum, the 
effective significant energy is 31.2 keV, indicating photon energies in the range of 40 - 50 
keV contribute to the dose enhancement [178]. For radiation synovectomy applications, 
100 Gy is required to be deposited in the synovial membrane based on the estimation of 1 
Gy per 1 g of synovial membrane [165].
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Figure 4-8: Experiment 1, observed TL yield for Ge-doped SiOi optical fibres arranged in phantom 1, 
irradiated using a 90 kVp beam and an entrance surface dose of 10 Gy (delivered at the rate of 222 
cGy/min). The red data point shows a TL yield enhancement of 65% ± 2% above that associated with the 
photon dose component only.
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Figure 4-9: Experiment 2, observed TL yield for Ge-doped SiO; optical fibres arranged in phantom 1, 
irradiated using a 90 kVp beam and an entrance surface dose of 30 Gy (delivered at the rate of 222 
cGy/min). The red data point shows a TL yield enhancement of 60 % ± 2% above that associated with the 
photon dose component only.
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Figure 4-10: Experiment 3 - Observed TL yield for Ge-doped SiOa optical fibres arranged in phantom 2, 
irradiated using a 90 kVp beam and an entrance surface dose of 30 Gy (delivered at the rate of 222 
cGy/min). The first red data point shows a TL yield enhancement of 61 % ± 3% over the depth dose and the 
second red data point is the TL yields observed for fibres arranged at the back of the hole, strongly 
attenuated as expected.
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Figure 4-11: Comparison of normalised TL yields observed for Ge-doped SiOz optical fibres, from 
experiment 1 (red plot), experiment 2 (blue plot) and experiment 3 (green plot). The TL yield enhancement 
was 65% ± 2%, 60% ± 2% and 61% ± 3% respectively. Note that the located of the hole containing the 
iodinated contrast medium in phantom 2 was 1 cm beyond that of phantom 1.
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The enhanced TL yields obtained indicated that large dose deposition would be 
made to happen at an interface between synovium and iodine contrast medium. Therefore, 
photoelectron production and concomitant dose distribution on the few micron scale [165] 
can be obtained through use of stable iodine in association with incident X-ray irradiation 
for energies above and close to the absorption edge, the K-edge in this case. This may 
suggest that in radiation synovectomy a beta emitting radionuclides such as, 1-125 which 
has a risk of skin necrosis and of organ damage due to leakage of activity from the joint 
capsule can be replaced by the present so-called combination radiotherapy technique. 
This may lead to minimization of dose to healthy tissue and delivery of a well prescribed 
dose to the target, in this case the synovial membrane. Figure 4-11 shows the comparison 
results of all three experiments performed.
4.3.6 Monte Carlo Simulation of Dose Enhancement from lodinate Contrast Media
Ge-doped SiOz optical fibres show promise in measurement of photoelectron dose 
enhancement due to lodinate contrast media. In order for the advantageous properties of 
such dosimeter to be realized it is essential to verify the measurement obtained a 
experimental work. Monte-Carlo (MCNPX v.2.6) simulation has been performed to 
stimulate the dose enhancement resulting from intimate surface contact between Ge- 
doped SiOz optical fibres and the iodine contrast medium. The Monte-Carlo data for this 
work were generated using the MCNPX v.2.6. Figure 4-12 shows the model used from 
the side and top view. The spectrum of 90 kVp X-ray use in simulation was referred to 
the SpekCalc program [179]. For the simulation, several properties of the beam (Table 4- 
1), the dosimeter and contrast medium (Table 4-2), and phantom arrangement (Figure 4- 
6 ) used in experiment have been taking into account. I would like to acknowledge Dr. 
Richard Hugtenburg for his help and lesson on Monte Carlo simulation.
Table 4-2: Properties of dosimeter and contrast medium used in Monte Carlo simulation.
Ge-doped SiOz optical fibres Iodine Contrast Media (NIOPAM 370)
Density 3.36 g cm'^ -  2.49 g cm'^ 76% lopamidol
Dopant concentration 5% -  40% mol Concentration 0.053 mg sodium
Diameter 125 pm 370 mg/ml Iodine
Length 10 mm specific gravity 1.405
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Figure 4-12; Model used for the Monte Carlo Simulation of dose enhancement due to photoelectron 
production for fibers placed in intimate contact with iodinated contrast medium, (a) side view and (b) top
view.
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Figure 4-13: The normalised TL yield for Ge-doped SiOa optical fibres obtained from Monte Carlo 
Simulation (MCNPX v.2.6). (a) Shows a TL yield enhancement of 64% ± 2% over the depth dose obtained 
in absence of the iodinated medium from phantom 1 and (b) Shows a TL yield enhancement of 60% ± 2% 
over the depth dose obtained in absence of the iodinated medium from phantom 2.
The simulation was run for a period of 20 hours. The TL yields stimulation was 
normalised to the TL yields value resulting from a standard entrance dose to the surface. 
The results obtained from Monte Carlo simulation were compared to the experimental 
data for both phantoms used. Figure 4-13 shows the normalised dose enhancement of 
iodinated contrast medium from the Monte Carlo simulation. The simulation shows TL
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yield enhancement due to photoelectron production for phantom 1 and phantom 2  to be 
respectively 64% ± 2% and 60% ± 2% above the photon dose component measured in the 
absence of the eontrast medium, at the depth of measurement within the phantom. This is 
7% and 2% higher compared to TL yield enhancement measured in phantom 1 and 
phantom 2 respectively. This is also shows the TL yield from fibres aiTanged at the back 
of the hole, the lower response clearly being due to attenuation in the contrast medium. In 
comparison between the experimental and MCNP simulation result, paienthetically the 
differences are not that great and ultimately we have correctly characterised the radiation 
source in order that we may predict the changing response of the fibres as the radiation 
hardens in the media and the dose enhancement. Carrying out the Monte Carlo simulation 
allowed us to verify the relative difference in the Dose Enhancement Factor (DEE) in used of 
iodinated contrast media compared to its absence, at the depth of measurement within the 
phantom.
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Figure 4-14: The percentage depth dose curves (FDD) obtained away from the iodine interface, measured 
with Ge-doped Si02 optical fibres in phantom I (polyurethane medium), phantom 2 (Perspex medium) and 
obtained from Monte Carlo (MCNPX V.2.6) simulation. The irradiation was made used of 90 kVp X-ray 
(HVL = 2.5 mm Al), an entrance dose of 30 Gy to the surface delivered with 222 cGy min'^ with the field 
size of 8 cm diameter and the source to surface distance (SSD) is 30 cm.
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With regard to depth dose analysis (FDD), Figure 4-14 shows the percentage 
depth doses (FDD) measured by Ge-doped 8 %  optical fibres obtained from the dose 
enhancement experiments. The solid line (blue) shows the FDD curve measured in 
phantom 1, the solid line (green) shows the FDD curve measured in phantom 2 and the 
solid line (red) shows the FDD curve obtained from Monte Carlo simulation. Both FDD 
curves measured using phantom 1 and phantom 2  were agreed each others within 2  % and 
are bounded within the FDD curves for 100 kVp (upper purple doted line) and 80 kVp 
(lower purple doted line) obtained from BJR Supplement No 25 respectively [ISO]. 
However, the FDD curve obtained through Monte Carlo simulation shows the attenuation 
is about 1.6 and 1.3 larger than compared to the FDD curves measured with phantom 1 
and phantom 2 respectively. There are many other effects than attenuation which may 
cause the difference between them. This is including scattering which will increase the 
dose at depth, the inverse square law which will decrease it and hardening which will 
increase it as the Ge-doped Si0 2  optical fibres will have a larger response to a higher 
energy beam. In addition, our lack of knowledge of the exact density of phantom 1 
material used in the experiment may also affect simulation.
4.4 ÜV Radiation, Psoriasis and Skin Cancer
4.4.1 Introduction to Psoriasis and Skin Cancer
The skin is consists of the superficial layer of the epidermis and a deeper vascular 
system called the dermis which is supported by a subcutaneous layer of loose tissue and 
fat (Figure 4-15). The epidermis layers of the skin are made up of dead cells that contain 
keratin. This is a tough waxy substance to protect the body. The cells that make up keratin 
are called kératinocytes. It is these cells that can develop into squamous cell skin cancer. 
In the deeper layers of the dermis are cells called melanocytes. It is these cells that 
become cancerous in melanoma. Basal cells are found at the lower layer of the epidermis. 
These are the cells that all the normal skin cells above develop from. They are also the 
cells that basal cell skin cancers can develop from which is the most common type of skin 
cancer [32].
Normal skin cells have a life of cycle around 21 to 28 days. The deepest skin level 
will produce new cells and gradually move up through the layers of the skin until they 
reach the outermost level, then they die and flake off. However in psoriasis case, the skins
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have a shortened cells cycle which only takes two to six days. Therefore, cells that are not 
fully mature build up rapidly on the surface of the skin, causing red, flaky, crusty patches 
covered with silvery scales. It can occur on any part of the body, but is most common on 
the elbows, knees, lower back and scalp and can cause itching and burning.
epidermis
dermis
subcutaneous
tissue
blood vessels 
hair follicle 
s e o a c e o u s  g la n d
$v/èâl
Figure 4-15: Cross section of human skin [181]
Psoriasis affects mainly the skin and it is a chronic, non-infectious disease. It is 
suspected to be an autoimmune condition. Psoriasis is of several types, including pustular, 
guttate and arthritic variants (Figure 4-16). The condition of psoriasis is not infectious and 
most people are affected only in small patches on their body. These inflammatory skin 
disorders affect around 1% to 3% of the world population and about 2% of people in the 
United Kingdom [182]. It can start at any age, but most often develops between the ages 
of 11 and 45. Some scholars have reported the peak onset of psoriasis to be in within 16 
to 22 years old and also between 57 to 60 years old [182]. The available treatments for 
psoriasis currently reported are topical therapies for mild psoriasis and phototherapy in 
systemic conditions.
Psoriasis is not a risk in itself, but some psoriasis treatments as in ultraviolet 
radiation phototherapy may increase the possibility of skin cancer. There are two
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procedures used in phototherapy treatment for psoriasis, broad-band or naiTow-band UVB 
and PU VA (psoralen plus UV radiation of UVA) [182-186]. Several studies have shown 
that use of the phototherapy technique for psoriasis treatment increases the skin risk of 
getting non melanoma skin cancer [30, 36, 40, 42, 182-188]. These treatments involved 
limited tissue thickness. As such careful conduct of phototherapy treatment is required in 
order to avoid any potential side effects to healthy tissue while at the same time 
appreciating that at present no cure for psoriasis, only suppressive therapy [182]. The aim 
of psoriasis treatment is to control and diminish the disease to the point at which it no 
longer significantly interferes with the patient’s psychological demeanour especially 
when it involves on occupation, social life or well-being.
(a)
Figure 4-16: Photographs of Patients with Mild (a) and Moderate (b) of psoriasis [182]
4.4.2 UV Radiation Used in Phototherapy and PU VA
UVB phototherapy and photochemotherapy of psoralen-UVA therapy (PUVA) 
have been used for a variety of skin diseases. These include psoriasis, acne, chilblains and 
ulcers [30, 32]. Phototherapy and photochemotherapy are among the possible treatments 
for phototoxicity of abnormal cells, inducing the normal protective responses, killing 
organisms and causing alteration of metabolites. Use of broad-band UVB alone or in 
combination with different topical drugs (anthralin, calcipotriol), systemic PU VA and 
bath-PUVA therapy are observed to be very effective and well-established treatment 
modalities for psoriasis [182, 183, 185]. The UV radiation dose delivered depends on skin
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type and sensitivity to UV. To control the symptoms of the disease and to be effective the 
treatments must be used repeatedly.
For phototherapy treatment, ultraviolet B (UVB) covers wavelengths between 300 
to 320 nm and is used in combination with coal-tar. This is the oldest and most frequently 
used treatment for patient with moderate to severe disease. This treatment leads to 
decrease of psoriasis in at least 80% of patients, and often the reduction can be 
maintained by intermittent UVB phototherapy. The UVB phototherapy alone is used 
regularly only in patients with guttate (eruptive papulosquamous) psoriasis. Studies have 
shown that -30 treatments are needed to obtain reasonable benefit [182-186].
UV photochemotherapy combined with the photosensitising drug methoxsalen, 
(PUVA) is performed by using a fixed dose of psoralen preparation at a constant interval 
before irradiation. The UVA range used for PUVA is between 320 nm to 400 nm. The 
rate of UVA irradiation depends on the drug formulation used. In the United Kingdom, 
PUVA treatment consists of two to three exposures per week. Psoralen-UVA 
phototherapy (PUVA) is one of the most successful treatments for psoriasis, being 
effective in over 85% to 90% of patients [182-186].
Both UVB phototherapy and PUVA have side effects. The short-term side effects 
of UVB phototherapy are erythema, dry skin with pruritus and occasional blistering. For 
PUVA, the short-term side effects are nausea, burning, and pruritus. The long-term 
problems of both procedures are an increased risk of photodamage to the skin and 
carcinogenesis. Several studies have noted that association between the risk of skin cancer 
and cumulative exposure to UVA radiation. Patients treated with PUVA have an 
increased probability of squamous-cell carcinomas of the skin. The relative risk of genital 
skin cancer in men is much higher if that area is not shielded [182-186].
PUVA therapy shows several advantages over UVB phototherapy. It has been 
accepted that wavelengths less than about 320 nm have an important role in the formation 
of skin cancer in humans. Solar induced skin cancer is most prevalent among those who 
have low melanin level in the skin and live in hot climates. The genetic material DNA is 
most susceptible to radiation at 260 nm, but effects can be produced by longer wavelength 
also [30, 38]. The initial PUVA dose delivered in treatment is within 1 - 2 J cm and will 
increase some 0.5- 1 J cm during 15 minutes treatment depend on skin condition and 
typically the PUVA treatment was given twice a week [189]. The UVA irradiance on skin 
surface is approximately 8.8  mW m'^ [42]. For the natural UV radiation, at noon during
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the summer time in UK, the irradiance on horizontal surface being around 40 W m'^ in the 
UVA and 2 W m"^  in the UVB [32]. Risk of skin cancer is not limited to UV phototherapy 
treatment, but there is also significant contribution from terrestrial UV radiation [37, 38]. 
Therefore a UV sensitive dosimetric material is essential for consistent monitoring of UV 
exposure.
4.5 XL Response of Ge-Doped SiOi Optical Fibre to UV Radiation
4.5.1 Introduction
A good number of UV measurement devices are supported by photodiode sensors 
and posses electrical characteristics which fluctuate with the radiation intensity. Thus said 
several studies have been performed in order to investigate the potential of passive UV 
sensitive materials for UV dosimetry applications. A tissue equivalent radiochromic gel 
material (FXG) has been shown to have good sensitivity to UVA dose measurement, 
detecting exposure levels equivalent to natural solar UVA spectrum [190, 191]. A 
relationship between change in optical density and UVA radiation dose has been 
established for FXG gel. Some studies have also been conducted of the radiochromic film 
dosimeter Gafhchromic-MD-55-2 film, showing it to be a useful dosimeter for UVA, able 
to provide reproducible results within 3% [192].
Considerable interest in UV dosimetry has also lead to investigation of the 
potential TL response of phosphors following UV irradiation. Six types of commercial TL 
dosimeter have been used (TLD-IOOH, TLD-200, TLD-400, TLD-500, TLD-700H and 
TLD-900) irradiated by a deuterium lamp as the UVR source. The results show TLD-200 
and TLD-900 to have good dose linearity over the UVR range but inferior to TLD-500 
which shows high sensitivity to UVR [193]. While the UV sensitivity of doped silica 
fibres has previously been noticed in several studies [72], the sensitivity of TL 
characteristic of doped silica fibre is not well established. Present study seeks to define 
the TL sensitivity of Ge-doped Si0 2  optical fibres and represents the first tentative 
investigation of the possible applicability of the fibres as a possible effective but cheap 
method of UV measurement.
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4.5.2 Sample Preparation
Selected Ge-doped Si0 2  optical fibres of 125.0 ±0.1 pm diameter and 5.0 ±0.1 
mm length were prepared, with 20 pieces for each group. Each group of fibres were 
placed in small Petri dish and were placed in black box for handled to avoid any solar UV 
radiation involved.
4.5.3 UV Irradiation Setup
UV irradiation of Ge-doped SiÜ2 optical fibres has been performed in the 
Advanced Technology Institutes (ATI) clean-room, designed for photolithography with 
UV safe lighting. The irradiation made use of UVA radiation 365 nm wavelengths, 
produced from a 100 watt mercury arc lamp (Omnicure UV series 1000). The UV lamp 
was set up at 10 cm vertically above the irradiation surface and the UVA intensity was 
measured using a UV probe to be 10.50 mW cm'^ ±1%.  Investigation was made of the 
TL response of Ge-doped Si0 2  optical fibres over a range of UVA dose by simply 
increasing the time of exposure, from 0 to 300 minutes.
4.5.4 TL Yield Response to UV Radiation
Irradiated Ge-doped Si0 2  optical fibres were evaluated using a Solaro TL Reader 
immediately after irradiation. Figure 4-17 shows the normalised TL yield response due to 
UVA irradiation for a dose range 19 -  190 J cm" .^ Result shows the TL response of Ge- 
doped Si0 2  optical fibres increases with increasing of UV radiation exposure time. The 
reproducibility observed was within 5.7%. However the TL yield response due to UV 
radiation range investigated is lower compared to TL yield response of photon and 
electron beams irradiation. The maximum TL yield obtained was 3.27 x 10  ^ counts per 
second per unit mass of fibre, 23% lower than the TL yield obtained for 1 Gy dose of 
photon irradiation from a linear accelerator.This initial study shows promising to use Ge- 
doped Si0 2  optical fibres for UV radiation dosimetry. In term of sensitivity, is likely due 
to the dopant distribution in the fibre, for future study using 50 pm diameter size of core 
fibre might show a better response [153]. Further work may establish by consider to the 
UV energy range used in treatment for the potential use of Ge-doped Si0 2  optical fibres 
in PUVA cabinet dosimetry.
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Figure 4-17: TL yield response of Ge-doped Si02 optical fibres to 365 nm UVA radiation with UV intensity 
measured to be 10.50 mW cm'^ ± 1% at 10 cm from a 100 W mercury arc lamp source.
4.6 Conclusions
Studies of Ge-doped Si02 optical fibres for applications in interface radiation 
dosimetry have been carried out. The potential of the dosimeters have been examined in 
regard to measurement of dose enhancement from iodinate contrast medium and also in 
regard to their sensitivity to UV radiation. The Si02 optical fibres show good dose 
response linearity over the dose range up to 35Gy, investigated at 90 kVp using 
superficial X-ray unit with correlation (r2) being better than 0.998. Photoelectron dose 
enhancement due to use of iodinated contrast media, shows TL yields some 60% greater 
than that obtained in its absence measured for polyurethane and PMMA Perspex media. 
The measured PDD using polyurethane and PMMA Perspex media agreed to each other 
to within 2 % and are bounded by the published PDD curves for 100 kVp and 80 kVp 
spectra as reported in BJR Supplement No 25. The experiment has been modelled using 
Monte Carlo simulation (MCNPX v.2.6); TL yield enhancement of some -60% has been 
obtained that of over the depth dose predicted in the absence of iodinated media, however 
the PDD observed by simulation is 30% lower compared to those measured which may 
affect by several factor as discussed.
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In regard to applications, we address a potential radiotherapy technique and the 
associated dosimetry in treatment of the painful joint disease, chronic synovial 
inflammation. In such applications, the treatment volume is loaded with a relatively high 
atomic number medium, for instance iodinated contrast medium (an example of a medium 
that can safely be used within the body), and exposed to kilovoltage X-rays. At 
kilovoltage energies the large photoelectric cross sections of iodine, just above the K shell 
absorption edge, results in substantial photoelectric interactions. The elevated linear 
energy transfer (11.5 keV pm-1) and short range of the photoelectric interaction products 
(photoelectrons and Auger electrons) gives rise to localized dose enhancement which 
promises to be of considerable interest in highly localized tissue treatments, as in the 
inflamed synovial layer.
The enhanced TL yields obtained indicated that large dose deposition would be 
made to happen at an interface between synovium and iodine contrast medium. Therefore, 
photoelectron production and concomitant dose distribution on the few micron scale can 
be obtained through use of stable iodine in association with incident X-ray irradiation for 
energies above and close to the absorption edge, the K-edge in this case. This may 
suggest that in radiation synovectomy a beta emitting radionuclides such as, 1-125 which 
has a risk of skin necrosis and of organ damage due to leakage of activity from the joint 
capsule can be replaced by the present so-called combination radiotherapy technique. 
This may lead to minimization of dose to healthy tissue and delivery of a well prescribed 
dose to the target, in this case the synovial membrane.
Measuring of UVA at 365 nm for a radiation intensity of 10.50 mW cm'^ ( 1%, the 
dosimeter showed a good response at a certain extent; seem to approach saturation for the 
exposures up to 300 minutes (19 -  190 J cm'^). In addition study is required to establish 
Ge-doped Si02 optical fibres for applications in UVR dosimetry.
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Chapter 5
5 PRESAGE™ for Quality Assurance of Farallel- 
Beam Optical Computed Tomography Scanners
5.1 Introduction
Radiotherapy treatment is a highly complex process that has been refined over 
many decades. The requirement to deliver a high radiation dose to the tumour while at the 
same time mitigating against inducing normal tissue damage places great demands the on 
the accuracy and precision of the therapy apparatus. In line with this there are similar 
stringent requirements place upon the tools used to evaluate the resulting dose 
distributions. Inconsistencies in the planned and delivered treatment can lead to serious 
complications if too much radiation is delivered, while too little radiation can result in 
tumour control not being achieved. From the outset of the planning stages of the treatment 
and continuing through to the completion of the treatment delivery, a Quality Assurance 
(QA) regime is required in radiotherapy in order to achieve an effective and safe 
treatment [3,49].
To achieve precise and accurate measurements of the associated absorbed dose, the 
medical physicist has traditionally utilised dosimetric devices such as ionisation 
chambers, thermoluminescence detectors and diodes (‘T-D detectors”), together with film 
and diode arrays (“2-D detectors”). However, since radiotherapy is intrinsically a 3-D 
problem — and, increasingly, with the advent of image-guided radiotherapy and motion 
compensation, a 4-D problem — there is need for an advanced dosimetric system that can 
verify the dose distribution in three dimensions, as well as being capable of recording the 
integrated dose over time.
The international commission on radiation units and measurement (ICRU) report 
No 24 has recommended a 5% overall accuracy in dose delivered to a patient [3]. Others 
have suggested a desire for accuracy of ±3% [194] and ±3.5% [195]. While a spatial 
accuracy of 5 mm is recommended for conventional radical radiation treatments [3], in
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advanced radiotherapy techniques, spatial accuracy requirements are rather more 
challenging. In regard to the verification of radiosurgery dose distribution, Oldham et al. 
have proposed an ideal 3-D dosimetry system should meet the RTAP (Resolution, Time, 
Accuracy, Precision) criteria being 1,60,3,1 (i.e. that is resolution of 1 x 1 x 1 mm, time 
of 60 min per imaging, accuracy within 3% and precision of 1%) [196]. There is also a 
need to consider the water equivalence of the dosimeter, as it is important particularly for 
lower energy (kVp) radiation where the photoelectric effect dominates.
While in recent years, a number of pseudo-3-D detectors have reached the market
[197], this chapter will only focus on true-3-D measurements using radiochromic samples 
with optical computed tomography (Optical CT) readout. The consensus at the recent 
International Conference on 3-D Radiation Dosimetry (IC3-DDose 2010) was that there 
are a number of problems (for example, in small-field dosimetry) where Optical CT has 
unique advantages.
Radiochromic detectors in conjunction with Optical CT have shown great potential 
for mapping radiation doses in three dimensions, as well as in 3-D biological imaging
[198]. Key developments of this approach have been made by a number of groups. The 
first such development demonstrated the capture of a 3-D dose pattern in a gel in a form 
that could be read out optically, although the scanning method only provided for 2-D 
mapping [199]. The first dedicated laser scanning system for two- and three-dimensional 
imaging of radiochromic gels with tomography reconstruction was outline by Tarte and 
Van Doom [200]. However, their work was not widely reported at the time and no 3-D 
images appear to have been published at the time. The basis of the first commercially 
available Optical CT scanner (OCTOPUS, MGS Research Inc., Madison, CT) was 
introduced as a new method for obtaining a 3-D readout of the dose absorbed in a 
polymer gel dosimeter [201]. The potential of Optical CT was rapidly recognised and the 
disadvantages of the “first generation translate-rotate device” motivated the development 
of a number of other scanner geometries [8 8 , 200, 202-204]. These have addressed 
several issues including scanning speed, minimising the interference effects and stray 
light, scatter by optical components, reflection and wall effect corrections that affect the 
quality of image output [205-209].
Quality assurance (QA) of the Optical CT system is necessary if the long term aim 
of the technique is to provide a “gold standard” for 3-D dose mapping. This should be put 
in place both in the research laboratory, for the effective characterisation of newly
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developed equipment, but also as a routine tool if Optical CT is ever to “break through” 
into the clinic. In other fields of medical imaging, particularly diagnostic scanning, QA is 
now routine, with prescribed QA imaging protocols and specialist companies providing 
QA phantoms.
Whilst a number of academic studies [210-213] have previously used phantoms to 
characterise properties of Optical CT scanners such as linearity and geometric distortion, 
the degree to which sophisticated test objects can be manufactured mechanically is 
limited. Nowhere is this demonstrated more graphically than in the area of Optical CT 
microscopy. Sharpe et a l created an India-ink-in-gel phantom to obtain a partial 
validation of the results from their optical projection tomography system [198]. However, 
because of the lack of precision in its manufacture and a lack of longevity of the sample, 
this type of test object would not be suitable for verifying optical density values or 
assessing image distortion. Nevertheless, to mechanically construct something better 
would be an enormous technical challenge.
For a larger scale system, a layer cake model phantom has been proposed [212] 
with altered features designed to test different aspects of imaging systems such as 
contrast, geometry, in-plane resolution, axis resolution and uniformity. However, even 
though the issues of precision engineering are not so great for the macroscopic scanner, 
there are still problems inherent in the refraction of light at the boundaries of all the 
inclusions. In one design, a phantom consisting of needles embedded in gelatine was 
created to investigate geometrical distortion of the Optical CT [210], but a significant 
problem with this approach is the fact that the needles are opaque, resulting in images 
affected by photon starvation artefacts. To a certain extent, this was overcome by 
arranging the needles in a spiral pattern. However, the ability to probe distortion 
throughout the imaged volume is limited.
The present study will demonstrate how these issues have lead to the creation of test 
samples of greater sophistication, via intricate irradiations using a synchrotron microbeam 
facility. A set of four samples has been used to provide additional characterisation of the 
University of Surrey parallel-beam Optical CT scanner whose performance has been 
reported upon [214, 215]. Given that such an expensive irradiation facility does not form 
an economically viable route for the creation of samples for a commercial QA 
programme, we have subsequently proceeded to investigate the potential of irradiating
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samples using ultraviolet (UV) light. Finally, we propose a test framework for comparing 
different Optical CT scanners, linked to a spectrophotometric standard.
5.2 Dosimetry System and Experimental Setup
The dosimetry system used herein is a cylindrical solid radiochromic plastic 
dosimeter of PRESAGE™, based on clear polyurethane combined with a leuco-dye. Dose 
mapping was carried out using PRESAGE^^ dosimeters in the form of cylinders of 
diameter 60 mm and height 60 mm, and calibration measurements were carried out with 
small PRESAGE™ samples supplied in standard 10 mm x 10 mm x 50 mm optical 
cuvettes. The irradiated cylinders PRESAGE™ were evaluated using the University of 
Surrey parallel-beam Optical CT facility and the calibration small PRESAGE™ samples 
were readout using a UV spectrophotometer system (Cary 5000, Varian). All the 
irradiations were carried out using the synchrotron microbeam X-ray system at the 
European Synchrotron Radiation Facility (ESRF) in Grenoble on the ID 17 Biomedical 
Beamline. Since the dose rate of the beam is fixed, the dose absorbed by the sample is 
determined by the length of time for which the sample is exposed to the beam.
In order to manage the accurate position of radiation dose delivered, the design of 
the desired irradiation pattern design was drawn to scale on a 60 mm diameter circle of 
plain paper. This could be viewed, via the beamline observation camera, on a monitor in 
the experiment “hutch”, as shown in Figure 5-1. A circular piece of MD-55 radiochromic 
film (International Specialty Products, Wayne, NJ) was attached to the distal end of each 
PRESAGE™ dosimeter sample, enabling an independent measure of the beam pattern. 
Knowledge as Gafchromic film in this is used routinely at ID-17 to monitor the shapes 
and positions of irradiation fields delivered. Its function in this experiment was to provide 
an immediate assessment of whether the irradiation had been made in the correct position.
Since the PRESAGE™ dosimeter was covered up by plain paper, it was 
impossible to see its radiochromic change from the control room. Since good 
correspondence of PRESAGE™ and film measurements has been demonstrated on 
numerous occasions in the literature [216], it was not the purpose of this experiment to 
make a quantitative comparison. Hence, no film calibration measurements were 
performed. However, it is clear that this experimental design would permit such a 
comparison, and several studies have already published side-by-side images from a
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similar anangement. The irradiations were performed using a “dose-painting” technique, 
by translating the samples through the beam to provide various patterns as mentioned.
Figure 5-1: Process of irradiation; (a) Illustration of sample organized with (i) radiocliromic film, (ii) plain 
paper with a drawing of block pattern to provided a “visible target to aim at”, and (iii) PRESAGE™ 
dosimeter, (b) The position of sample located Im from the beam, (c) The monitor shows a close-up image 
of the sample irradiation geometry from the top and side in the experimental hutch.
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5.3 Created of Sophisticated QA Test Objects
5.3.1 Response Linearity Test Object
Two PRESAGE™ samples (named Sample 1 and Sample 2) were used to 
investigate the dose response over the range 0.5 Gy to 30 Gy. Sample 1 was irradiated for 
a dose range of 0.5 Gy to 15 Gy creating seven blocks pattern of dimension 10 mm x 10 
mm (Figure 5-8(a)). The linearity test increased the number of squares to 19, each 5 mm 
X 5 mm in Sample 2 (Figure 5-9(a)), extending the dose range to 0.5 Gy to 30 Gy, whilst 
also allowing us to test the in-plane reproducibility of measurements by creating three 
squares each with dose delivered of 8 Gy.
5.3.2 Modulation Transfer Function (MTF) Test Object
A modulation Transfer Function (MTF) test object was used to describe the image 
quality in terms of contrast and resolution as well as establishing the capability of the 
imaging system to resolve fine feature of the images. With regards to the Optical CT 
imaging system, MTF characterisation provides an objective measurement of how well an 
imaging system transfers structures of different spatial frequencies present in an input 
signal to an output signal. This covers a range of spatial frequencies and hence gives more 
information regarding image performance. The lower and the mid-range spatial 
frequencies may be particularly significant in regard to observing the image sharpness 
[217,218].
The MTF is related mathematically to the Fourier transform of the image of a line, 
otherwise referred to as the line spread function (LSF). The LSF is also related to the edge 
of the high contrast image, by derivation of edge spread function (ESF) of the image 
obtained. The MTF may be determined by using knife-edge image analysis [218], 
sinusoidal test pattern [215] and slit or bar test pattern [219, 2 2 0 ], specified in term of line 
pairs per millimetre (Ip/mm). A line pair is defined as one cycle of a light bar and a dark 
bar of equal width and has a contrast of unity. Using a sinusoidal test pattern and bar test 
pattern, the MTF is determined as the percentage of contrast measured over spatial 
frequency, measured in Ip/mm. Contrast is defined as shown in equation 5.1 below, with 
the maximum intensity produced by an image (white) and the minimum 
intensity (black):
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Modulations (5.1)
I    + /  •„• max min
A number of techniques have been described above how to characterize the MTF 
properties. In these studies three dedicated patterns were proposed using PRESAGE^m 
dosimeter to create a robust test object to investigate the spatial resolution and modulation 
transfer function properties of the Optical CT. Three designs of test object was made used 
are sinusoidal pattern, particular different size of slit patterns and the knife edge pattern 
produced from a high contrast image response.
Sample 3 uses a different method to test the MTF (Figure 5-14). It consists of nine 
slit patterns, creating near-ideal line-pairs with spatial frequency varying from 0.13 Ip/mm 
up to 2.71 Ip/mm. This sample illustrates graphically the enormous advantage of the 
synchrotron irradiation over a standard clinical linac, where field penumbrae make it 
impossible to create well-defined areas of uniform dose at this scale without the 
construction of an intricate collimator [2 2 0 ].
The sinusoidal slit pattern was created at the centre of Sample 2 inspired by the 
standard USAF optical test target (Edmund Optics, Barrington, NJ, USA, part NT54-803) 
[215], consisting of an MTF test pattern and sinusoidal test pattern (Figure 5-17). The 
MTF test was made from 5 regions of sinusoidal-varying dose with different periods 
deposited.
Sample 4 used another method to test the MTF which is the knife edge technique. 
This sample was irradiated with different block pattern size across the sample from the 
top and side produced several sets of knife edges. Two knife edges pattern were used for 
the MTF test, taken from the x-y plane and the x-z plane of Sample 4, as shown in Figure 
5-20.
5.3.3 Dose Integrations Test Object
Sample 4 (Figure 5-25) is a pattern of multiple irradiated fields, each with simple 
geometry, allowing us to test our assumption that the PRESAGE™ dosimeter is a perfect 
integrator. This concerns the dose integration problem as described in [221], the effect of 
fractionation being found to be larger when a higher total absorbed dose is delivered to 
polymer gel system. Sample 4 was treated as a calibration PRESAGE™ and was 
irradiated with a five-field plan of different sizes from the side and the top surface of the
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sample. The projection of sample 4 is shown in Figure 5-2 below. A dose calibration 
curve was plotted from a selected slice of the reconstructed image produced by the 
multiple irradiation fields of sample 4.
Figure 5-2: Image projection of sample 4 from a view angle of 0° and 90°, showing the multiple irradiation 
fields created. A is a 20 mm x 40 mm block irradiated to 2 Gy from the bottom side of sample, B is a 30 
mm X 30 mm block irradiated to 5 Gy from the side, C is a 10 mm x 10 mm block irradiated to 5 Gy from 
the side. D, E and F were irradiated with 2 Gy doses from the side perpendicular from B and C; the block 
sizes created are 3 mm x 5 mm, 3 mm x 10 mm and 3 mm x 15 mm respectively for D, E and F.
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5.3.4 Geometric Distortion Test Object
It is fundamental to QA practice to validate the geometrical distortion of an 
imaging system. It is well recognised in optical CT that geometric distortion is related to 
the refractive index mismatch that occurs at the boundaries between different materials 
along the paths of light rays through the system. (In addition to distortion, other image 
artefacts are created when the attenuation of a ray is back-projected along a line that is 
different to that traversed by the real ray.) A distortion test target (Edmund Optics, 
Barrington, NJ, USA, part K57-983) has been used to characterise the CCD camera of an 
optical CT scanner [215]. This ensured that the image capture of a parallel light field 
(prior to the introduction into the optical path of the matching tank and sample) was itself 
distortion free.
For QA of the optical CT images themselves, needle phantoms have been used to 
measure geometrical distortion [210, 222]. However, as alluded to above, there are two 
(linked) problems with this approach: (i) the needles are opaque and themselves introduce 
photon starvation artefacts into the resulting images, potentially corrupting the required 
information; (ii) the number of positions within the sample at which distortion 
measurements may be made is limited, because it is not possible to distinguish two or 
more needles along the same “line of sight”.
In respect to this, a distortion test object using PRESAGE™ dosimeter named 
sample 5 has been proposed which is created using microbeam radiation therapy (MRT) 
synchrotron X-rays. The reconstructed image of distortion test pattern is shown in Figure 
5-26(a), a rigid distortion test object using PRESAGE™ in the form of a grid of spots. 
With the cylindrical sample upright and the X-ray beam coming from the side, a set of 
parallel planes 1 mm wide and 35 mm high was exposed to a dose of 2 Gy. The sample 
was then rotated through 90° about a vertical axis and the procedure repeated, to yield a 
square grid on the cross-sectional images. Because of uncertainties at the time of 
irradiation concerning the dose detection threshold, the 4 Gy integrated dose at the line 
crossing points was supplemented by turning the sample through 90° about a horizontal 
axis (such that the radiation impinged upon the top surface) and irradiating a regular grid 
of (~2 X 2) mm^ square dots. The absolute location of these is known, and hence we can 
determine very precisely whether the measured images contain any distortion. In our 
view, this is a superior method to the needle phantom, because (i) the dots are not opaque
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and so image artefacts are not created; and (ii) we obtain a distortion map with uniform 
sampling over the entire plane. A simple enhancement to this design would be to replace 
the final set of “end-on” irradiations with a series of parallel planes in the third orthogonal 
direction. The crossing points of the three orthogonal sets of planes would create discrete 
points of high dose in 3-D and thus allow a true (x, y, z) distortion to be calculated, 
throughout the entire sample volume. The analysis was made using an IDL program 
written by Dr. Simon Doran.
5.3.5 Ultraviolet Irradiation (UVR)
The five samples of the QA test objects described above were created using the 
synchrotron microbeam radiation therapy facility at the ESRF. This is clearly not ideal for 
a regular QA programme as it is not possible to have irradiation time only for this 
purpose. As an alternative we may use the known PRESAGE^^ dosimeter sensitivity to 
UV [146]. To test the feasibility of this a PRESAGE™ dosimeter was irradiated using 
UV radiation to create example test objects similar to that created using the synchrotron 
(Sample 6 , 7 and 8). Several studies have been done to investigate the potential of 
materials for UV radiation dosimetry, such as the thermoluminescence response of TLD 
materials [193], colour changes upon UV irradiation of radiochromic film [192] and 
radiochromic gel FXG [190, 191]. There have been no detailed studies yet of the dose- 
response of PRESAGE™ to UV.
In this study, we wished to examine the UV sensitivity of the PRESAGE™ 
dosimeter creating a test object using UV radiation produced from a 500 W UVA lamp 
(Neutronix-Qintel Q7000) used in photolithography (Figure 5-3) and which is capable of 
sub micron resolution. This UV sensitivity has previously been regarded as a problem and 
samples are routinely wrapped in black plastic to avoid unwanted exposure during 
experiments, transit and storage. One sample (sample 6 ) was used for irradiation testing to 
identify the duration of exposure time required for PRESAGE”^^ to change colour under 
UV irradiation.
A computer drawing package was used to create a pattern of seven squares of (10 x 
10) mm^, similar to Sample 1, having different grey levels between 100% (white) and 
20%. This was laser-printed onto an overhead projector acetate sheet to form a UV mask. 
A second mask was created from part of a resolution test pattern [223], allowing us to 
investigate the spatial resolution achievable using UV radiation (Figure 5-27). Masks
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were placed on top of cylindrical PRESAGE™ samples and irradiated for 20 minutes 
from the top with a uniform beam of 365 nm UV light of intensity 9.95 mW/cm^ using 
the lamp of a mask aligner. The UV irradiation setup is shown in Figure 5-3.
>
Figure 5-3; The figure shows the UV irradiation setup, (A) shows irradiation by UVA radiation at 365 nm 
wavelength as produced by a Neutronix-Qintel (Q7000) setup to the top of the PRESAGE™ sample and (B) 
shows the sample arrangement; a UV mask was placed over the PRESAGE™ during the irradiation and the 
PRESAGE™ was covered with black plastic except for the surface where the mask was located. This is to 
avoid unwanted exposure during irradiation.
5.4 Data Acquisition and Imaging Methodology
At the University of Surrey, a parallel-beam Optical CT scanner has been 
established for 3-D imaging of radiation dose distribution [202, 215, 224, 225]. The 
scanner is based on telecentric optics to ensure accurate projection imaging that is capable 
of diminishing artefacts from scattered and stray light. This allows isotropic high 
resolution 3-D dose readout [215, 225]. All 60 mm PRESAGE™ samples were imaged 
using the University of Surrey parallel-beam scanner, which has been extensively 
described in previous literature [215, 225].
The parallel-beam scanner of the Optical CT system used consist of the air-cooled 
charge-coupled device (CCD) camera (Orca 1024 BTII, Hamamatsu Photonic, Japan) 
associated with larger zoom range of the lens (Tamron 28 mm - 200 mm, F3.8-8, Tamron,
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Saitama City, Japan). The CCD camera used has been characterised using a standard test 
object (Edmund Optic) [215] and finger phantom gel experiment [225]. It is also well 
acknowledged that several applications using University of Surrey paiallel-beam scanner 
as a readout system have been published [84, 202, 211,215, 224-232].
The CCD camera used for the Optical CT system is a cooled CCD camera, 
therefore the camera controller must be switched on in advance to enable the camera to 
reach the operating temperature of -55°C before the image scanning takes place. There 
are a few steps that should be taken into account in order to reduce the uncertainty of 
images produced. These include avoiding touching both side surfaces of the scanning tank 
facing the camera and light source, making sure the surfaces are clean from any visible 
bubbles, oil, thumb prints and dust particles using lens wipes. The sample was then 
aiTanged at the centre onto the scanning plate, the pixel count helping to ensure the 
position of the image produced. The scanning tank was filled with a matching liquid of 
high refractive index almost equivalent to the refractive index of the sample.
Figure 5-4: Matching liquid used for PRESAGE™ experiment; the refractive index matching liquid 
consisted of approximately 91% of 2-Ethylhexylsalicylat and 9% of 4-Methoxycinnamic acid 2- 
Ethylhexylester.
The dosimeter was attached on the rotation stage driven by a stepper motor 
controller and placed inside the scanning tank suiTounded by matching liquid, the latter 
being important in obtaining the accurate refractive index used for parallel-beam Optical 
CT scanning applications. The matching liquid was made of two main component
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solutions of 2-Ethylhexylsalicylat 99%, KOSCHER (1.5022 index of refraction) and 4- 
Methoxycinnamic acid 2-Ethylhexylester (1.5451 index of refraction) and the mixture 
was made in an approximate 11:1 ratio. In addition a coloured compound of green dyes 
was added to the matching liquid in order to control the range of optical transmission by 
making the attenuation coefficient in the liquid similai' to that of non-irradiated gel 
(Figure 5-4).
The system was operated using an in-house IDL-based scanning software program. 
During the scan, the Optical-CT computer system will synchronise the rotation of the 
turntable platform in the scanning tank with the CCD camera shutter. A total of 804 
projections are obtained and stored for every data set for each sample, obtained over 180 
degrees, for a matrix size of 512 x 512 pixels over 60 mm FOV. A set of 20 dark fields 
was imaged by way of covering the camera lens to exclude the light source and a set of 20  
light fields was obtained without the sample present. The system was controlled via in- 
house software written in Visual Basic (written by Dr. Simon Doran). Image processing 
was performed using the IDL program code. The image data obtained were combined to 
produce the sinogram, and then was filtered in the spatial frequency domain with a Ram- 
Lak filter and back projection was performed using the IDL built in Radon function, 
creating a set of slices with 512 x 512 matrix size [202, 215, 225]. The schematic diagram 
and photograph of the University of SuiTey parallel-beam optical CT scanner setup is 
shown in Figures 5-5 and 5-6respectively.
CCD Lens 2 Tank o f m atching liquid on Lens 1 Light
cam era adjustable stand source
Presage and it’s holder with 
180 degree rotation m otor
Figure 5-5: Schematic diagram of in-house setup of the optical computed tomography system. The light 
source is located 440 mm from Lens 1, PRES AGET'^ was immersed in glass cell at the middle of Lens 1 
and Lens 2 which is 215 mm and the CCD camera was placed 500 mm from Lens 2 [215, 225].
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Schematic diagram of the parallel-beam Optical CT demonstrates the rays 
travelling from the light source to the CCD camera. When the light source is switched on, 
the rays travel through lens 1, tank, matching liquid, sample, lens 2 , and then reaches the 
CCD camera. Lens 1 diverges the rays travelled through the tank and lens 2 converges the 
rays travelling to the CCD camera. The matching liquid has equal index of refraction 
compared to the sample to ensure the ray passing through the tank is parallel. The 
positions of lens 1 and lens 2  were adjusted to produce a uniform sharp image.
Figure 5-6: The Imaging systems of parallel-beam Optical CT setup, consisting of, (i) the CCD camera 
attached with zoom lens (Tamron 28 mm-200 mm, F3.8-8, Tamron, Saitama City Japan), (ii) the glass cell 
65 mm deep along the optical axis and of cross section 130 mm x 88 mm located in between Lens 1 and 
Lens 2, (iii) the collimated light source (Phlox-LedR-BL-20x20-S-Q-IR-24V).
5.5 Analysis of Sophisticated QA Test Objects of Synchrotron Irradiated Sample
5.5.1 Response - Linearity
Figure 5-7(a) shows an example of a projection image taken from the Optical CT 
scanner, while an example of a sinogram image produced is shown in Figure 5-7(b). The 
reconstructed image of test objects for dose response linearity test are respectively shown 
in Figure 5-8(a) and Figure 5-9(a). The images show the brightness of the block patterns 
created changing with dose for the dose range investigated. This trend is observed in both 
sample 1 (from 0.5 to 15 Gy) and sample 2 (from 0.5 to 30 Gy) across the dose area
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shown. The dose response curve for both samples are respectively shown in Figure 5-8(b) 
and 5-9(b) as below. The optical CT value changes of irradiated field, for a dose range of 
0.5 to 15 Gy was measured to be 0.0003 to 0.0040. For a dose range of 0.5 to 30 Gy the 
optical CT value changes was measured to be 0.0003 to 0.0080. The optical CT value 
increased with increasing dose with least square fits of goodness calculated for both 
samples to be better than 0.990 and 0.994 respectively.
(a)
(b)
Figure 5-7: An example of projected image and sinogram image obtained, (a) The projected image of 
sample 1 obtained using parallel-beam Optical CT and (b) the sinogram image produced.
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Figure 5-8: Test object dose response-Iinearity, (a) the reconstructed image of sample 1, on a 512 x 512 
matrix size for a dose range of 0.5 -  15 Gy creating the 10 mm x 10 mm block pattern, (b) dose response 
curve of sample 1. Note that the circular patterns are peculiar to each dosimeter, being a product of 
reconstruction algorithm and also artefacts observed in the PRESAGE™ samples.
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Figure 5-9; Test object dose response-Iinearity, (a) the reconstructed image of sample 2, on a 512 x 512 
matrix size for a dose range of 0.5 -  30 Gy creating the 5 mm x 5 mm block pattern and (b) dose response 
curve of sample 2. Note that the circular patterns are peculiar to each dosimeter, being a product of 
reconstruction algorithm and also artefacts observed in the PRESAGE™ samples. We also noted anomalous 
measurements below 10 Gy. This is because dose delivered in MRT is connected with the fast shutter 
opening time during irradiation while the target is moving vertically; as a result, the possibility of lack of 
correct synchronisation causes non linear dose response.
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Figure 5-10: Dose profile across block pattern of 5 mm x 5 mm irradiated at; (a) 0.5, 1 and 2 Gy, (b) 3, 4, 5, 
6, 7 and 8 Gy, (c) 10, 12, 14, 16, 18 and 20 Gy and (d) 8, 25 and 30 Gy. The irradiation of 8 Gy was 
repeated to investigate the reproducibility.
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An outlier point was observed in the dose response curve (Figure 5-8b) for a 10 
mm^ block pattern irradiated at 4 Gy dose; this is believed to result from a ring artefact at 
the centre of the dosimeter overlapping the block pattern of 4 Gy. The circular patterns 
observed from the reconstructed image are peculiar to each dosimeter, being an artefact 
from the reconstruction algorithm. We also notice anomalous measurements recorded up 
to 8 Gy in the dose response curve (Figure 5-9b); this is for the reason that dose delivered 
in MRT is associated with the fast shutter opening time during irradiation while the target 
is moving vertically; as a result the possibility of lack of correct synchronisation causes 
non linear dose response for doses below 8 Gy. Other than that, the artefact observed in 
the reconstructed image may also contribute to the noise. Thus, using the median filter 
image, one may select an image to avoid any noise due to artefacts.
Figure 5.10 (a -  d) shows the dose profile taken across groups of 5 mm^ block 
patterns created on sample 2. In order to investigate the reproducibility of the system, 
three block patterns were irradiated to the same dose (8  Gy) as shown in the reconstructed 
image of sample 2. The dose response curve in Figure 5-6b shows the three optical 
density plots obtained at 8 Gy were identical. The reproducibility of the system can be 
observed from the dose profile plot as shown in Figure 5.10d. Comparisons of dose 
response were also made between sample 1 and sample 2. It is shown that PRESAGE™ 
dosimeter is reproducible and that there is dose response stability. It also reveals that the 
dosimeter can measure a dose in the range investigated with a limitation of ±3 Gy.
Figure 5.11 (a) shows the depth dose response along the z- axis of PRESAGE™ 
for each 10 mm^ of irradiated block pattern (0.5 to 15 Gy). Each point of the curve 
represents the mean value of optical ÇT value taken in a square region in a representative 
slice. The depth dose profile plotted did not include the first 50 pixels (-6.3 mm) to avoid 
the wall effect. As expected the dose response of PRESAGE™ is not linear below 3 Gy, 
therefore the optical value defined for 0.5 Gy to 2 Gy dose not vary with depth as shown 
in Figure 5.11 (a). Figure 5.11 (b) shows the attenuation coefficient measured using a log 
plot of depth dose profile of the highest dose delivered (15 Gy). The attenuation 
coefficient measured is 0.174 cm '\ with the goodness of fit of the linear plotted being 
better than 0.998.
Independently, a small volume of PRESAGE™ sample in cuvettes was irradiated 
for a dose range of 1 -  5000 Gy. Figure 5-12 illustrates a spectrum of absorption 
coefficients of PRESAGE™ for a dose range of 1 to 30 Gy and inset shows an image of
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post iiTadiation PRESAGE™ in cuvettes. The attenuation measurements made use of the 
Varian Cary 5000 spectrophotometer, for a path length of 2 mm.
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Figure 5-11: (a) Depth dose obtained for a synchrotron X-ray beam of mean energy 109 keV, 10 mm x 10 
mm irradiated with estimated dose of 0.5 to 15 Gy and (b) log plot of depth dose response for a delivered 15 
Gy dose.
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The graph of absoi*ption (1/mm) versus dose was plotted over the dose range 1 -  
30 Gy and the correlation of optical density measured for dose range investigated using 
Optical CT and spectrophotometer was plotted as shown in Figure 5-13 (a) and (b). 
Results show that the absoiption value starts to saturate after point seven (30 Gy). 
Correlation of each attenuation value measured using the spectrophotometer with OD 
changes from Optical CT was found to be better than 0.993. This shows the Optical CT is 
capable of producing a reliable readout comparable with a calibrated spectrophotometer 
system.
(a) i ■ %
wmmm
(b)
0.17 1
0.15 -
0.13 -
<u 0.09
^  0.07
5  0 .0 5 -
0.03 -
0.01
-0.01
550500 600 650 700 750450400
1 G y — 2 Gy
Wavelenght (nm)
■5 Gy — 8 G y  12 G y  20 Gy — 30 Gy
Figure 5-12: (a) Image of post irradiation of PRESAGE™ in cuvettes, (b) Spectrum of absorption 
coefficients of PRESAGE™ in cuvettes irradiated over the dose range 1 Gy to 30 Gy at the synchrotron X- 
ray microbeam radiation therapy.
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Figure 5-13: (a) UV absorbance measured using spectrophotometer over dose range 1 -  30 Gy and (b) 
correlation of optical attenuation coefficients determined by optical-CT (sample 2) and spectrophotometer 
measurement (cuvettes irradiation) over a dose range of 1 -  30 Gy.
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5.5.2 Modulation Transfer Function Analysis
In this study a separate sample has been used to create three different patterns to 
obtain the modulation transfer function (MTF) of the imaging system. These are a 
sinusoidal test pattern (sample 2), a bar slit pattern (sample 3) and a knife edge pattern 
(sample 4). Then results obtained are discussed below.
5.5.2.1 Sinusoidal Test Pattern Analysis
The first method to obtain the MTF of the system uses a sinusoidal pattern 
created at the middle of sample 2, as shown in Figure 5-14 (a). The sinusoidal pattern is 
inspired by the USAF target as shown in Figure 5-14 (b). The MTF analysis has made use 
of the five regions of different spatial resolution created (i) 0.239 Ip/mm, (ii) 0.444 
Ip/mm, (iii) 0.868 Ip/mm, (iv) 1.302 Ip/mm and (v) 1.645 Ip/mm. Figure 5-15 shows the 
profile across the sinusoidal pattern. The five different spatial resolutions represented in 
the sinusoidal pattern are simply recognized. However the modulation is hard to calculate 
from region (iv) and (v). The edge of the slit pattern has been broadened. The main 
factors that may influence this are probably due to the mismatch of the matching liquid 
refractive index and also the effect of the ring artefact that exists in the middle of the 
sample. The profile of the sinusoidal pattern describes the MTF as the contrast at a given 
spatial frequency relative to the contrast at low frequencies. The MTF curve is plotted as 
shown in Figure 5-16.
Figure 5-14: (a) The reconstructed image of sample 2, show up the sinusoidal test pattern created in red box 
and (b) shows the standard test target (Edmund Optics, Barrington, NJ, USA, part NT54-803).
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Figure 5-15: MTF test using sinusoidal method analysis, (a) The sinusoidal pattern created on sample 2, (b) 
the image shows irradiation of sinusoidal slit pattern creating five different sizes of spatial resolutions (i-v) 
from 0.239 Ip/mm up to 1.645 Ip/mm and (c) a profile taken across the sinusoidal pattern, the grey dotted 
line shows the estimated baseline.
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Figure 5-16: MTF curve of sinusoidal pattern analysis from sample 2
5.S.2.2 Slit Test Pattern Analysis
The second MTF test object has been created using sample 3, producing a 
particular different size of bar pattern. The reconstructed image of the slit test pattern is 
shown in Figure 5-17. A number of artefacts are observed corresponding to impurities of 
the PRESAGE™ sample. Also apparent is a ring artefact in the middle of the image. The 
bar patterns were created through 6 Gy dose irradiation, producing the following line-pair 
spacings: (A) 0.393 Ip m m '\ (B) 0.884 Ip m m '\ (C) 1.726 Ip m m '\ (D) 0.130 Ip m m '\ 
(E) 0.200 Ip m m '\ (F) 2.711 Ip m m '\ (G) 1.965 Ip mm'\ The profile has been taken 
across the slit pattern created and is shown in three separate profiles as depicted in Figure
5-18. The MTF was measured based on contrast for particular spatial resolution (Ip/mm) 
for each set of slit patterns. The slit patterns A to E were resolved, but no modulation was 
seen for F and G. On many individual images, slits F were just resolvable by eye, but the 
averaging process blurs this out. The grey dotted pattern in Figure 5-18 shows the 
baseline obtained in data processing. Figure 5-19 shows the MTF curve obtained from the 
slit pattern analysis.
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Figure 5-17: MTF test using slit method analysis; (a) and (b) show the projection images of sample 3 for 0° 
and 90° views respectively, (c) The reconstructed image of sample 3 shows seven particular sizes of bar 
pattern obtained using 6 Gy irradiation, creating seven different spatial resolutions from 0.130 Ip/mm up to 
2.711 Ip/mm.
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Figure 5-18: Profiles taken across the slit patterns when irradiated at 6 Gy, for the following line-pair 
spacings; (A) 0.393 Ip mm'', (B) 0.884 Ip mm ', (C) 1.726 Ip mm ', (D) 0.130 Ip mm ', (E) 0.200 Ip mm ', 
(F) 2.711 Ip mm ', and (G) 1.965 Ip mm '. The grey dotted line represents the estimated baseline.
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Figure 5-19: MTF curve from the slit pattern recorded on sample 3
5.5.2.3 Knife Edge Test Pattern Analysis
The third method used for MTF analysis is a knife edge test pattern. MTF 
analysis of the knife edge method was obtained from the high contrast image produced in 
sample 4. Two knife edge pattern images were created, taken from the x-y plane and x-z 
plane of sample 4, as shown in Figures 5-20 and 5-21. Figure 5-20(a) shows the 
reconstructed image in the x-z plane (transverse image) showing the region of interest 
averaged vertically to create the edge spread function (ESF). Figure 5-21(a) shows the 
reconstructed image in the x-y plane (coronal reformatting) of the same data set, showing 
a different ESF. The edge spread function profile of both knife edge patterns were 
acquired using the IDE software as shown in Figures 5-20(b) and 5-21 (b) respectively. 
The line spread function (LSF) was evaluated from differentiation of the ESF (Figures 5- 
20(c) and 5-21 (c)). The MTF has then been calculated as the modulus of the discrete 
Fourier transform of the LSF with the discrete spatial frequency interval that has been 
determined from the field of volume (FOV) of the sample sampling (Figure 5-22).
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Figure 5-20: The edge spread function (ESF) and line spread function (LSF) plots evaluated from the 
transverse image of the knife edge, (a) The reconstructed imaged of x-z plane (transverse image). The red 
dash block highlights the area of high contrast of the knife edge in which analysis has been performed and 
the arrow shows the direction in which the edge spread function (ESF) of the samples were analyzed, (b) 
ESF and (c) LSF plots.
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Figure 5-21: The edge spread function (ESF) and the line spread function (LSF) plot evaluated from the 
coronal reformatted image of the knife edge, (a) The reconstructed image in the x-y plane (coronal image). 
The red dash block highlights the area in which high contrast knife edge analysis was performed and the 
arrow shows the direction in which the edge spread function (ESF) of the samples were analyzed, (b) ESF 
and (c) LSF plots.
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Figure 5-22: MTF curve obtained from knife edge test pattern analysis of sample 4
High signal-to-noise is observed being due to the fact that numerical 
differentiation operator amplifies the noise. Note that care needed to be taken to ensure 
that the edge was precisely vertical and horizontal respectively, so that the averaging 
process did not blur out fine edge detail. In comparing the ESF between the transverse 
and coronal images, a bump is observed on the transverse (x-y plane) image. The reason 
for this is unknown but is probably a result of a CT reconstruction artefact.
S.5.2.4 Summary Results of MTF Analysis
Three methods of the MTF analysis have been performed using three different 
samples of PRESAGE™ in which were created a sinusoidal test pattern, a slit test pattern 
and a knife edge test pattern. The summary of MTF results are shown in Figure 5-23. 
Based on the results obtained, it is clear that there are significant differences among the 
three methods used to produce MTF analysis. The MTF value at 20% is estimated to be 
1.60 Ip m m '\ 2.7 Ip m m '\ 1.5 Ip mm'^ and 2.6 Ip mm'^ for sinusoidal, slit, transverse 
knife edge and coronal knife edge test patterns respectively.
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Figure 5-23: (a) Summary of MTF results calculated from use of a sinusoidal pattern (sample 2), slit pattern 
(sample 3) and knife edge analysis (sample 4). (b) The MTF results obtained using an Edmund test object 
(Edmund Optics, Barrington, NJ, USA, part NT54-803) [215].
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It is apparent that the coronal knife edge and slit test patterns provide superior 
MTF, to the sinusoidal and transverse knife edge test patterns, both of the latter giving 
similar results. The cause of differences between the three methods is unknown but may 
be factors such as non-sharp edge in some cases, may contribute to the outcome. Other 
than that, the results obtained are relatively low when compared with the 20% of MTF 
value results obtained from characterisation of the parallel beam Optical CT system 
making use of the Edmund test object (Edmund Optics, Barrington, NJ, USA, part NT54- 
803) [215].
The different between the highest MTF obtained compared to data acquired 
from Edmund test object [215] is probably due to the mismatch of the matching liquid 
which contributes to scatter and hence to degradation in resolution. However, within such 
limitation, it is apparent that the imaging system is able to visualise to 2.6 Ip mm"\ In 
future work further effort towards improving the matching liquid formulation should be 
made. It is also suggested that the pre scan technique may help in reducing noise due to 
artefacts in the samples.
5.5.3 Dose-Integrations
Multiple radiation fields were mapped using the PRESAGE™ dosimeter (Sample 
4). The reconstructed images of ten different slices of a phantom are shown in Figure 5- 
24. Figure 5-25(a) shows the reconstmcted image taken at slice 360, covering four 
different radiation fields, the dose integrations being not more than 14 Gy. Using the IDL 
program, the optical density of different integrated radiation dose was measured at the 
marked locations on the image. The Optical CT value was plotted against integrated 
radiation dose as shown in Figure 5-25 (b).
Results show that there is an approximate linear relationship up to 5 Gy 
influenced by significant differences among the four irradiation fields as described in 
Figure 5-2. Taking into account the effect of attenuation over the sample, the measured 
optical density does not represent the actual value of each estimated dose-integration. 
This indicates that dose calibration is needed in order to determine the actual change in 
optical density taking depth into account. The estimated dose was measured by a 
calibration using the attenuation coefficient of 0.174 cm"^  (obtained from Figure 5-11).
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Figure 5-24: The reconstructed images from multi field irradiation obtained at ten different slices. The dose 
integration analysis was performed on slice 360 (7), covering the dose range 2 - 1 4  Gy.
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Figure 5-25: A multi field irradiation test objects, (a) reconstructed image of multi radiation field delivered. 
The indicated squares (15 pixels x 15 pixels) show locations of Optical CT measurements for different 
integrated radiation dose while (b) shows the dose distribution from the multi radiation fields. The error 
bars for optical density lie within the points.
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The result obtained in Figure 5-25 shows that the dose range calculated is between 
0.8 -  8.2 Gy, which is much lower than that the nominal range expected of 2 -  14 Gy, this 
is due to attenuation over the sample for every irradiation field delivered. Each optical 
density point plotted has taken into account the location and the attenuation coefficient 
calibration. The lack of linearity observed may be explained by the ring artefact observed 
due to imaging process and also some spot artefacts which come from the sample itself 
that may also affect pixel intensities as shown in Figure 5-24. This result gives sensible 
support to the hypothesis that the PRESAGE^m formulation used in this study is able to 
map the integrated dose. In future work it seem important to improve the dose integration 
test object using a simple overlap irradiation to ensure a less complex attenuation 
calibration.
5.5.4 Distortion Phantom
Figure 5-26(a) is an image of a representative slice of the distortion test object 
while Figure 5-26(b) shows an image obtained from the due to standard distortion test 
object Edmund Optics, which has been used to characterise the parallel beam Optical CT 
facility [215]. Referring to the reconstructed image of the distortion test object, although 
scattered bright spots are observed, corresponding to the artefact present in the 
PRESAGE™, clearly the objective of this experiment was achieved and a regular grid 
laid down. The location of each of the square spots was obtained using a custom IDL 
program (written by Dr. Simon Doran). The user clicks on each square and then the 
centroid is found of a 15 x 15 matrix of pixels centred on the click-point. The true 
positions of the squares are known to high accuracy, the dose deposition method 
involving simple rigid body shifts of the sample using a well calibrated goniometer.
In order to calculate the distortion of the measured image, it is necessary to 
specify a “tie-point” (circled in Figure 5-26(a)), where the measured image and true 
physical coordinate systems are defined to coincide. (We arbitrarily placed the origin — 
as opposed to the tie-point — of the coordinate system at the bottom left of the image for 
convenience of display.) For each of the square spots, the deviation between the imaged 
and true positions in both the x- and y-directions was found. These results are displayed in 
the form of surface plots in Figure 5-27, with distortion values interpolated bilinear 
between the control points. It is clear that, in almost all cases, any distortion is on a sub­
pixel scale. The nominal pixel size is 0.15 mm, while the RMS x-distortion is 0.08 mm,
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the RMS y-distortion is 0.09 mm and the RMS total in-plane distortion is 0.12 mm. As 
expected, the largest distortion values occur at the edge of the sample, near the refractive 
index discontinuity, and the extremal values are; maximum absolute x-distortion 0.25 
mm, maximum absolute y-distortion 0.33 mm, maximum absolute in-plane distortion 0.35 
mm.
Figure 5-26; Distortion test object; (a) the reconstructed image of sample 5 created 150 pm^ squares for the 
distortion test. The dotted circle denotes the “tie-point” between the true physical co-ordinate system and 
the image.
a
E
E
Figure 5-27: Distortion maps for the optical CT image of Sample 5. The vertical black arrows represent ±1 
pixel and the grid is the zero distortion level to guide the eye (the distortion analysis was done by Dr Simon 
Doran).
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5.6 Analysis of Sophisticated QA Test Objects of UV Irradiated Sample
5.6.1 Initial Tests
It is well established that PRESAGE™ is sensitive to UV radiation as a result of 
which it is always kept in the dark during storage to prevent exposure to additional UV 
radiation. However, there have been no detailed studies of the dose-response of 
PRESAGE™ to UV radiation. Therefore an initial test was done to evaluate the colour 
change in P R E S A G E ^m due to UV irradiation. The UV radiation was produced by a 500 
W UVA lamp (Neutronix-Qintel, Q7000) as used in photolithography which is capable of 
sub micron resolution. The UV wavelength used was 365 nm with the radiance intensity
measured to be 9.85 mW cm-2
10 Ip'mm ! 20 !60
5m m  7086 pixels gamma = 1.5 Ink spread = 0.25Koren 2003 lens test chart
ICO 20(
Figure 5-28: UV irradiation test, (a) Sinogram image obtained from initial test irradiation (T2), (b) the 
reconstructed image (xz-plane) of initial test dosimeter (Tl, marked the irradiated square with 1 minute 
irradiation and T2, marked the irradiated square with 10 minutes irradiation), (c) the reconstructed image 
(xy-plane), (d) UV mask for seven squares of 10 mm x 10 mm (the grey scale level shows for A is 100%, B 
is 85%, C is 75%, D is 65%, E is 50%, F is 35% and G is 20%); and (e) the Koren spatial resolution test 
pattern. The red circle shows the area taken for UV mask (5 - 1 2  Ip/mm) [223].
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Two test squares of 10 mm x 10 mm were selected to evaluate the UV response 
(Sample 6 ). The first test was carried out using a 60 s irradiation time, the PRESAGE™ 
colour change being slight, labelled as Tl, as shown in Figure 5-28(b). The second test 
squares was obtained for a UV iiTadiation time of 10 minutes, creating a much clearer 
colour change labelled as T2, also shown in Figure 5-28(b). Based on these preliminaiy 
results, UV irradiation was then earned out for a pattern of seven squares (sample 7) and 
also Koren spatial resolution test pattern (sample 8 ), made for an imadiation time of 20 
minutes. Figure 5-28(d - e) shows the results for the dose response and for the spatial 
resolution test object.
5.6.2 UV Response
Sample 6 was used to investigate the attenuation of UV radiation along 60 mm 
PRESAGE™. The sinogram of sample 6 is shown in Figure 5-28(a). Figure 5-28(c) 
shows the coronal image of sample 6 . This clearly shows UV radiation depth-dose along 
the 60 mm PRFSAGE'^^. As expected, UV absorption is much stronger than for X-rays 
with significant reduction of the incident beam intensity within few cm. Figure 5-29 
shows the optical density change with depth the log Optical CT curve for the 
PRESAGE™ showing the change to be exponential. The attenuation coefficient UV 
source for the particular was measured to be 0.89 cm '\
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Figure 5-29; The attenuation of UV radiation in PRESAGE'^^’^
Sample 7 has been irradiated using 365 nm wavelengths UVA radiation, creating 
seven different squares through use of a UV mask, obtaining grey scale levels from 100%
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to 20% as shown in Figure 5-28 (d). The reconstructed image of sample 7 is shown in 
Figure 5-30 (a), as before, the mismatch of matching liquid used resulted in noise in the 
reconstructed image, these so-called schliere effect which may cause a scatter and 
blurring of the image as described in [215]. The optical density grey scale changes have 
been analyzed and the results are plotted in Figure 5-30 (b). The measurements show 
saturation to occur beyond the 80% after grey scale level.
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(b) 30 1
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Figure 5-30: (a) The reconstructed image of sample 7, shows seven squares (each of side 10 mm x 10 mm) 
of different grey scale level irradiated at 11.82 J cm'^ using 365 nm wavelength UVA. Noted that the grey 
the grey scale level shows for A is 100%, B is 85%, C is 75%, D is 65%, E is 50%, F is 35% and G is 20%. 
(b) UV response analysis of image of seven squares (10 mm x 10 mm) of different grey scale level
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5.6.3 Koren Test Pattern
The resolution test pattern has been well resolved using the Optical CT scanner as shown 
in Figure 5-31. Further work is needed to investigate other values of UV radiance in the 
hope that we might be able to use an alternative method to create the test object for 
Optical CT. There is also a need to determine an optimum irradiation scheme by changing 
the irradiation time instead of the grey scale mask in order to obtain an output equivalent 
to energy deposited.
Figure 5-31: Koren test pattern of spatial resolution, (a) the reconstructed image of sample 8 and (b) the 
profile across the resolution test pattern.
5.7 Conclusions
Studies have been made, using a synchrotron X-ray of microbeam radiation therapy 
facility is cited at the ESRF, to create various designs of test object in imadiated 
PRESAGE™ dosimeters. This allows QA characterisation of the system in terms of dose 
response stability, dose integration, spatial resolution (MTF) and geometrised distortion.
The dose response linearity test object has been created for a dose-range from 0.5 
Gy up to 30 Gy. The system shows promising results, with a least squares fit of goodness 
of better than 0.994. Results obtained from sample 1 and 2 shows the Optical CT scanner 
to give a consistent optical density value with good linearity of response. A comparison 
study has been made with a UV spectrophotometer scanner as nonpartisan equipment. 
Good linearity of response (r  ^= 0.998) was observed for optical density change using the 
Optical CT scanner compared to spectrophotometer measurements. The dosimetry system
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is also able to provide good reproducibility for a given dose. Based on depth dose profile 
mapping, it is also observed that the optical density change with the dose delivered by 
synchrotron X-ray radiation to be linearly proportional with a precision of ±3 Gy.
Spatial resolutions obtained using PRESAGE^m dosimeters have been tested using 
three analysis methods for the modulation transfer function (MTF). These are: sinusoidal, 
slit and knife edge test patterns. Based on the best MTF results, the system is capable of 
resolving to 2.6 Ip m m '\ In terms of distortion, it is clearly shown that geometric 
distortion is not a significant problem in use of the present Optical CT system. In addition 
the distortion test object produced is able to investigate near to boundaries in change in 
refractive index.
As an alternative, study has been made using the UV sensitivity properties of the 
PRESAGF'^M dosimeter to create a similar QA test object. Three UV irradiation samples 
have been obtained to examine stability, UV attenuation and spatial resolution. Results 
show the attenuation coefficient of the UV radiation at 365 nm to be 0.89 cm '\ The 
Koren resolution test pattern has been well resolved using the Optical CT scanner. 
However, a comprehensive study is required in order to establish the UVR response to 
PRESAGE^^ for future QA test object production for Optical CT scanner performance.
In future, a pre scan technique should be standard practice to reduce the problem of 
artefact occurrence from within the sample itself. To improve upon present studies, we 
propose a calibration regime consisting of the manufacture of a number of samples from a 
single production batch of PRESAGE™, together with a set of cuvettes (one per sample). 
The cuvettes (calibrated using a spectrophotometer) would accompany the samples, 
having the same temperature history as the samples. Phantoms would be imaged at 
regular intervals and exchanged between collaborating sites.
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Chapter 6
6 Microscopy Optical Computed Tomography 
Scanner of 3-D PRESAGE™ Dosimetry 
Systems
6.1 Introduction
It is well established that normal tissues can tolerate high doses of radiation over 
small volumes. Therefore, radiation effects in tissue are not only dependent on dose but 
also on the volume exposed. The development of microbeam radiation therapy (MRT) 
offers considerable promise in delivering lethal doses to a tumour while minimizing 
damage to the surrounding healthy tissues by precisely controlling the size of irradiated 
regions.
Several MRT studies performed on animals [14, 16, 20-24] show that irradiation 
with parallel arrays of thin, planar “slices” of synchrotron X-ray microbeam spares 
normal tissue and preferentially damages tumour. The tolerance of normal tissue to 
microbeams is related to the narrowness of the beam which, although destroying tissue in 
its path, leaves healthy tissue on either side and allows the regeneration of blood vessels 
across the gap. The tissue microvessels seem in effect to be able to repair themselves with 
in this situation. Conversely, irradiation tumour microvessels fail to repair the damage 
caused by the radiation [16, 233-236]. In conventional radiotherapy each beam is at least 
several millimeters, so that the biological advantage of rapid repair is minimal.
A study [237] using a mouse mammary tumour model, has demonstrated the 
therapeutic efficacy of synchrotron X-ray microbeams compared to conventional broad 
beam radiation therapy. In an evaluation six months post irradiation, for tumour-bearing 
mice irradiated with a 520 Gy cross planar microbeam, 75% of the cohort exhibited hair 
regrowth (Figure 6 -1(a)). Conversely, for tumour bearing mice irradiated with a 38 Gy
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broad beam of X-rays, this did not occur for any of the animals (Figure 6-1 (b)). 
Comparison was made with an unirradiated control as shown in Figure 6-1 (c). Results 
indicate that iiTadiation using the microbeams provides greater probability of tissue 
repair, exhibited in this case by the ability for hair regrowth compared to broad beam 
inadiation. A schematic diagram of the microbeam and broad beam irradiation is shown 
in Figure 6-2. Based on the advantageous tumour effect, MRT points to promising novel 
techniques for cancer therapy especially for child tumour, with extraordinarily little or no 
damage to the growing healthy tissue [14, 238, 239].
% - - "'•S
Figure 6-1: Post inadiation evaluation of hair regrowth in mice irradiated with (a) cross-planar microbeams 
of 520 Gy, (b) a broad beam of 38 Gy and (c) unirradiated mice leg of the same age as a control, for 
comparison [237].
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Figure 6-2: Schematic view of irradiation, (a) single array parallel X-ray microbeam irradiation, (b) cross 
array of parallel X-ray microbeam irradiation and (c) broad beam irradiation.
Synchrotron X-ray microbeam techniques have been pioneered at the Brookhaven 
National Synchrotron Light Source (NSLS) [21-23] and at the European Synchrotron 
Radiation Facility (ESRF) [14, 16-20]. At the ES RE, a preclinical microbeam radiation 
therapy program of research is being carried out in which X-rays are confined to very thin 
slice planar beams arranged in parallel arrays with spaces in between. Specifically, the 
parallel microbeam aiTays are -25 - 50 pm wide and -200 - 400 pm centre to centre (c-t- 
c) spaced. As a result, this spatially fractionated irradiation will deliver high peak dose 
values and relatively low valley dose values. Unlike the X-ray sources used in 
conventional clinical radiation therapy, a synchrotron facility can deliver extremely high 
dose-rates (-hundreds of kGy min"^). However, there is as yet no established physical 
dosimetric system for simultaneously providing accurate measurements of the doses in 
the microbeam peaks and valleys. Monte Carlo simulations have been obtained [240-246] 
but these have yet to be validated by measurements.
The ability to make dose measurements with high spatial resolution is an 
important need for dosimetry systems used for the verification of microbeam radiation 
therapy for clinical applications, in order to measure the absolute dose in the peaks and 
valleys of the dose distribution. Several detectors have been studied to investigate the 
potential dosimeter for MRT application, such as flash memory MOSFETs [247-250], 
fluorescent nuclear track detectors (ENTD) [248], polymer gel [248, 251], TED dosimetry
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[248, 252], Gafchromic film dosimetry [248, 253] and fast silicon strips[248, 254]. Table 
6-1 shows the comparison of different high resolution dosimeter tested of the ESRF MRT 
facility.
Table 6-1: Comparison of different high resolution dosimeters have been tested in microbeam radiation 
therapy at ID-17 biomedical beamline, ESRF [248]
Defector [tj-pe
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Spatial
resolution
Energ}-
dependence
Dose rate 
dependence
Stabilit}'in
time
Reproducibility
PRESAGE‘^^
-K)pt.CT
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To be 
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Good Good
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O X
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kGy(P)
~lm m
Strong,to 
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Polymer gels (A  
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MeV)
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5 Gy/min
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devices and 
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The main interest of present study is to investigate the potential of a new candidate 
3-D detector, PRESAGE™ radiochromic polymer with an Optical CT readout system, for 
dosimetry in microbeam radiation therapy applications. Promising results from this have 
lead to the development of a microscopy optical computed tomography scanner 
(microscopy Optical CT) [255] to evaluate .the dose deposited from X-ray microbeam
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radiation therapy (MRT). The purpose of this study was to investigate the 3-D dosimetry 
system used in this study using various dose ranges up to ~ hundred of kGy in order to 
support microbeam radiation therapy applications.
6.2 Dosimetry System
6.2.1 PRESAGE™ Microscopic Dosimetry System
PRESAGE™ radiochromic polymer dosimeter was in the form of 60 mm height 
of solid cylinder with various sizes of diameter; (i) 22 mm, (ii) 18 mm and (iii) 9.7 mm 
provided by Henris Pharma (Skillman, NJ) as shown in Figure 6-3. The main interest of 
study has been focus on using a 9.7 mm diameter of PRESAGE^m sample for microbeam 
radiation therapy application. However for characterization of the microscopic Optical CT 
scanner, comparison studies have been made used of 2 2  mm and 18 mm diameter of 
PRESAGE'^^ samples. The characteristics studied were of dose lineai* response, 
reproducibility and spatial resolution of microscopic sample.
■* -sr.seetMeacTOf-
m
(i)
Figure 6-3; Example of unirradiated PRESAGE™ radiochromic plastic sample used of 60 mm high with 
different diameter, (i) 22 mm, (ii) 18 mm and (iii) 9.7 mm.
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6.2.2 Microscopy Optical CT scanner
Imaging was performed using the microscopy Optical CT scanner described in 
[211]. As illustrated in Figure 6-4, the illumination airangement is made more compact by 
removing the collimating lens. Three other items are changes from the arrangement used 
for parallel Optical CT in Chapter 5. There are: (i) the collimated light source with a flat 
panel illuminator (Phlox-LedR-BL-100xl00-S-Q-IR-24V) with 95% ± 15% of 
unifoiTuity, (ii) the zoom lens (Tamron 28 mm-200 mm, F3.8-8, Tamron, Saitama City 
Japan) used for large scanner is replaced with Z16 APO (Leica Microsystems GmbH, 
Wetzlar, Germany) which is matched to the dimensions of CCD47-10 chip (13.3 x 13.3 
mm^ inside the CCD Hamamatsu camera used, and (iii) the glass cell (Hellma GmbH, 
Mullheim, Germany) used is replaced with a small volume with dimensions of 40 mm x 
40 mm X 40 mm, compared to the 65 mm deep along the optical axis and of cross section 
130 mm X  88  mm x dimensions of glass cell used for large scanner.
PRESAGETM
II
1^
LED (632 nm)
M icroscopic CCD Cam era \
M atching liquid
Figure 6-4: The schematic diagram of Optical CT microscopy scanner setup used for dose mapping of 
FRESAGE'^^^ samples irradiated using MRT.
Figure 6-4 shows the schematic diagram of the imaging system. The different 
aiTangement made of the microscopy Optical CT setup is shown in Figure 6-5 below, 
compared to parallel-beam Optical CT as shown in Figure 5-6 (Chapter 5). The red boxes 
highlight the compaiisons of the main component between microscopy Optical CT setup 
(Figure 6-5) and parallel-beam Optical CT setup (Figure 5-6). Figure 6-5 shows the red 
box labelled (i) being the CCD camera used with different zoom lens; the red box labelled 
(ii) shows the different size of volume of glass cell used with removed two lenses used in 
parallel-beam Optical CT; and the red box labelled (iii) shows a different type of light 
source used.
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Figure 6-5: The Imaging systems of microscopy Optical CT setup consist of (i) CCD camera attached with 
microscopy zoom lens (Z16 APO - Leica Microsystems GmbH, Wetzlar, Germany), (ii) the glass cell 40 
mm deep along the optical axis and of cross section 40 mm x 40 mm, and (iii) the collimated light source 
(Phlox-LedR-BL-1 OOx 100-S-Q-IR-24V).
6.3 Irradiation Setup of Synchrotron X-ray Microbeam Radiation Therapy
The iiTadiations were carried out at the European Synchrotron Radiation Facility 
(ESRF) in Grenoble on the ID 17 Biomedical Beamline as described in Chapter 5. Figure
6 -6  shows the irradiation setup and the phantom used with microscopy PRESAGE^^ 
samples. Various irradiation fields have been created producing block patterns of 
different dose provided, slit patterns of different width and spacing and the cuvettes 
samples being read out by a UV spectrophotometer. The iiTadiation arrangement is 
described below.
6.3.1 Irradiation to Produce Block Patterns
Dose response linearity of PRESAGE™ has been investigated up to 80 Gy using 
PRESAGE™ samples with 22 mm and 9.7 mm of diameter size. The inadiation 
performed created the block pattern covering the dose range investigated as described in 
Table 6-2. Some of the block pattern has also been used to investigate the MTF using the 
knife edge method of analysis.
©A.T. Abdul Rahman 2011 158
Microscopy Optical Computed Tomography Scanner o f  3-D PRESAGE^^^ Dosimetry Systems
Study o f  a 1-D and a 3-D Detectors fo r Application in Radiation Therapy
Table 6-2: The irradiation description for dose response linearity samples
Sample Diameter (±0.1 mm) Dose Range (Gy) Irradiation Field Size (± 0.005mm)
S22-1 22.0 1 -2 0 3.72 X 3.72
S22-2 22.0 8 -3 5 3.72 X 3.72
S9.7-1 9.7 8 -3 5 1.64 X  1.64
S9.7-2 9.7 2 0 -8 0 1.64 X  1.64
Figure 6-6: (a) The irradiation setup of synchrotron X-ray MRT for PRESAGE™ sample at ID-17 beamline 
ESRF, (b) phantom positioned on Kappa-type goniometer (Huber, Germany) used in MRT, and (c) three 
cylindrical PRESAGE^^^ samples of 9.7 mm, 18 mm and 22 mm diameter size placed in Perspex (PMMA) 
phantom.
©A.T. Abdul Rahman 2011 159
Microscopy Optical Computed Tomography Scanner o f 3-D PRESAGE™ Dosimetry Systems
Study o f  a 1-D and a 3-D Detectors fo r Application in Radiation Therapy
6.3.2 Irradiation to Produce Slit Patterns
Three PRESAGE^^ samples have been irradiated using the synchrotron X-ray 
MRT beam creating the slit pattern of various width sizes and dose. Two of them named 
as S22-3 and S9.7-3 were irradiated at constant dose of 40 Gy and 50 Gy respectively, 
creating a set of near ideal line pairs, with a range of spacing from 0.269 Ip mm"  ^-  7.14 
Ip mm'^ and 0.68 Ip mm'^ -  18 Ip mm'^ arranged on 22 mm and 9.7 mm diameter cylinder 
of PRESAGE™ sample respectively. This pattern is used to investigate the spatial 
resolution capacity of the dosimeter using line resolution method of MTF. Another 
PRESAGE^M samples named as S22-4 was irradiated for different width size of slit 
pattern over range of dose, with the aim of investigating the relationship of dose response 
and spatial resolution as it is important to evaluate how the dose profile is mapped at 
different volumes. For this, the irradiation created four sets of different width slit pattern 
from 52 pm to 416 pm, covering the dose range of 20 Gy to 80 Gy each. Details of slit 
pattern irradiation are described in Table 6-2.
Table 6-3; The irradiation description for spatial resolution of slit pattern samples
Sample Diameter (±0.1 mm) Dose Range (Gy) Irradiation Field Size (± 0.005mm)
S9.7-3 9.7 50 0.024 -  0.372 (6 slits of each set)
S22-3 22.0 40 0.033 -1.667 (6 slits of each set)
S22-4 22.0 20 - 80 0.052 -  0.416 (6 slits of each set of each dose)
6.3.3 Irradiation of Microbeam Radiation Therapy
One of the most important aspects of dosimetry in microbeam radiation therapy is 
to obtain absolute microdosimetry over a wide dose range and high spatial resolution. 
Several dosimeters have been tested at the ID-17 beamline for MRT application [248]. 
Here in this section, we will describe the uses of PRESAGE™ radiochromic plastic 
dosimeter in order to investigate some parameters for MRT application. Our first aim was 
to measure the peak-to-valley dose ratio (PVDR). It is important this to ensure that dose 
deposited in the valleys does not exceed a certain threshold dose, in order to ensure 
efficient normal tissue repair within intensely irradiated microslices (peak).
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Two PRESAGE”^^ samples of 22 mm diameter and four samples of 18 mm 
diameter named as S22-5, S22-6, S I8-1, S I8-2, S I8-3 and S I8-4 were used to investigate 
the peak-to-valley dose ratio (PVDR) in MRT. The irradiation delivered was formed of 
10 mm X 10 mm, 20 mm x  20 mm and 30 mm x  30 mm arrays of parallel microbeams of 
nominal FWHM 50 pm and 400 pm centre-to-centres (c-t-c). The dose delivered is 
between 70 Gy up to 600 Gy projected onto the centre of PRESAGE™ sample. The study 
investigated the PVDR as a function of dose delivered, depth and also the planar 
microbeams size used in irradiation.
Table 6-4: The irradiation description for PVDR and cross-firing samples of nominal FWHM 50 pm and 
400 pm centre-to-centres (c-t-c)
Sample Diameter (± 0.1 mm) Size o f irradiated region (mm^) Dose (Gy)
S22-5 22.0 10x10 70
S22-6 22.0 10x10 150
S18-1 18 10x10 300
S18-2 18 10x10 600
S18-3 18 2 0 x 2 0 150
S18-4 18 3 0 x 3 0 150
S9.7-1 9.7 10x10 140
For verification of cross-firing irradiation of MRT, PRESAGE™ samples S9.7-4 
and S9.7-5 (9.7 mm diameter) have been used. The irradiation is delivered from four 
directions by orienting the sample at 0°, 45°, 90° and 135° with respect to the beam. The 
dose delivered was 140 Gy and the irradiation arranged to create a uniform cubic region 
(1mm X 1 mm x  1 mm) of dose deposited by the overlap of all four microbeam parallel 
arrays of nominal FWHM 50 pm and 400 pm centre-to-centres (c-t-c). The summary of 
PRESAGE™ irradiation is shown in Table 6-4 and Figure 6-7 shows the illustration of 
the cross-firing irradiation of synchrotron X-ray MRT.
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Figure 6-7: The illustration of the cross-firing irradiation of synchrotron X-ray MRT, diagram illustrated the 
incident radiation indicated with purple arrows from four directions by orienting the sample at 0", 45°, 90° 
and 135° with respect to the beam.
6.3.4 Irradiation of PRESAGE™ Radiochromic Plastic in Cuvettes
Small volumes of PRESAGE™ in cuvettes (10 mm x 10 mm x 45 mm), were 
used to investigate dose stability of the dosimeter. The iiTadiated PRESAGE™ in cuvettes 
was analysed using a UV’s spectrophotometer (CARY 5000 UV-Vis-NIR, Varian, hic), 
and act as an independent measurement from the Optical CT which allowed partial 
verification of the performance of the microscopy Optical CT readout system. Studies 
were made using two batches of PRESAGE™ named as B1 (batch 1 -  8 *^^ November 
2008) and B2 (batch 2 -  13^ '^  October 2009). The aim is to compare the dose stability of 
different batches of PRESAG E^m  provided. For this, the irradiation has made use of 
linear accelerator beams at the Royal Suney County Hospital (RSCH) (B1 and B2). 
While, to verify the performance of microscopy Optical CT scanner; inadiation has made 
use of the synchrotron X-ray microbeam at ESRF (B2).
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Two batches of PRESAGE™ B1 and B2 have been irradiated using the linac. 
Eradiation by the linac was delivered using a nominal 6 MV energy of photons at a dose 
rate of 600 cGy min'^ for a dose range of 0.5 to 20 Gy. The iiTadiation field size made use 
of 10 cm X 10 cm at 100 cm of PSD; and the Dmax was 1.5 cm. Figure 6 -8  shows a 
schematic diagram of the linac iiTadiation setup of PRESAG E^m  cuvettes. At the ESRF, 
PRESAGE^^ sample B2 has been used for the iiTadiation. PRESAGE™ in cuvettes were 
placed 100  cm from collimator, and was moved vertically covering the inadiation field of 
each sample during the inadiation as shown in Figure 6-9. The inadiation of synchrotron 
X-ray MRT has been delivered at a dose rate of 80 Gy per second per mA in the machine 
covering the dose range from 1 to 35 Gy.
(a) LINAC
PRESAGE’'  ^in cuvettes ^
Field Size =  10 cm X 10 cm 
FSD =  100 cm
1.5 cm
Solid Water Phantom
Figure 6-8; Irradiation setup of PRESAGETf^ cuvettes using linac. (a) Schematic diagram of the irradiation 
setup, (b) linear acceleration machine (LAI) at RSCH, (c) two batches of sample positioned at the centre 
and (d) samples have been sandwich in between bolus at of 1.5 cm.
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PRESAGE™ 
were
collimator 
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vertically If
Figure 6-9; The irradiation setup of PRESAGE^^ in cuvettes at ESRF. (a) Image captured from video 
screen in treatment room, shows that samples moved vertically during the irradiation and (b) show samples 
positioned at 100 cm from collimator of synchrotron X-ray MRT. The red box highlights, (i) the sample 
position and (ii) the MRT system at ID-17 beamline.
6.4 The Characterisation of PRESAGE^m Radiochromic Plastic Dosimeter for 
Microscopy Optical CT scanner
6.4.1 Dose Response Stability
Dose response stability of the dosimeter has been investigated using two batches 
(BI and B2) of PRESAGE™ samples in small volume of cuvettes. PRESAGE'’’^  samples 
were provided in ultra-micro sized UV -  cuvettes (Eppendorf UVette® with adaptor of 1 
X  1 mm^ aperture for stray light rejection) with use of a 10 mm optical path length. 
hTadiated cuvettes, were then readout using a UV spectrophotometer (CARY 5000 UV- 
Vis-NIR, Varian, Inc). The readout system provided a wide range of wavelength (175 -  
3300 nm) with an accuracy ± 0.1 nm. The colour of the irradiated PRESAGE™ samples 
changed gradually from light, translucent green to deep green with increasing dose. UV 
spectrophotometer measurements show the amplitude of optical absorbance at 440 nm 
and 633 nm to increase with increasing radiation dose delivered. This is observed for both 
batches of irradiated cuvettes. Figure 6-10 (a) and (b) shows the absorbance curve 
spectrum (cm'^) obtained using the UV-Spectrophotometer over the dose range 
investigated for both batches of PRESAGE™ samples (Bl and B2).
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Figure 6-10: Absorbance curve spectrum for irradiated PRESAGE’^ ^ in cuvettes (a) Batch 1 and (b) Batch 2 
over dose range of 0.5 -  20 Gy. The irradiation was delivered at dose rate of 600 cGy/min of 6 MV photon 
energy of LINAC with 10 cm x 10 cm of field size at 100 SSD (Dmax = L5 cm).
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Figure 6-11: The optical absorbance measured at wavelength of 633 nm over the dose range 0.5 Gy - 20 Gy 
for PRESAGE™ samples from batch 1 and batch 2 for post irradiation periods of up to seven days. The 
irradiation was delivered at a dose rate of 600 cGy/min of 6 MV photon energy of LINAC with 10 cm x 10 
cm field size at 100 SSD (D^ax = 15 cm).
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The optical absorbance measured at 633 nm for the dose range 0.5 to 20 Gy is 
plotted in Figure 6.11 (a) and (b) for batch 1 and 2 respectively. The absorbance was 
measured for 24 hours after irradiation and repeated at day 4 and day 7. Investigation has 
been made for both batches of PRESAGE™. The graph obtained in Figure 6-11 shows 
the radiochromic response at 633 nm to be linear with dose for the dose range delivered. 
Both batches of PRESAGE™ shows the least square fit of goodness (r )^ to be better than 
0.999. The change in slope of dose response has been observed over a period of seven 
days post irradiation. For batch 1, the change in slope measured was 0.04 cm'^ Gy'^ and it 
increased by 6 % after seven days post irradiation, while for batch 2 , the change in slope 
measured was 0.03 cm"^  Gy'^ and it increased by 1.6% after seven days post irradiation. 
Results obtained indicate that the dose response sensitivity varies for the different batches 
used in this study. It is also observed that the rate of colour darkening of the dosimeter 
can be reduced by storage under refrigeration temperatures ( 2 - 8  C°) and even more so 
under cooler temperature (-20 C®) [146]. It is also influenced by the PRESAGE™ 
formulation as discussed in pervious studies [145, 256, 257].
6.4.2 Dose Response Linearity
6.4.2.1 PRESAGE™ - 22 mm Diameter
Figure 6-12 and 6-13 show a typical slice from the reconstructed images of 
samples S22-1 and S22-2 respectively. The reconstructed images of S22-1 and S22-2 
were analysed. Figure 6-14 shows the dose response curves for both 22 mm diameter 
PRESAGE™ samples S22-1 and S22-2. The Optical CT value obtained is the mean of the 
pixels values in a rectangular region of interest in the relevant slice. The error bars are 
standard error of the mean of the slice. S22-1 shows good of linearity over the dose range 
1 Gy to 20 Gy, with a correlation coefficient (r )^ of better than 0.978. S22-2 shows good 
linearity over the dose range 8 Gy to 35 Gy, with a correlation coefficient (r )^ of better 
than 0.979. Note that the radiochromic response of the dosimeter is not linear at lower 
doses (< ~ 3 Gy). It is also apparent that some of the outlier data are due to artefacts 
observed in some places on the sample.
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Figure 6-12: The reconstructed image of PRESAGE™ S22-1 for irradiated by synchrotron X-ray 
microbeam delivered at a dose rate of 80 Gy s ', (a) Sinogram and (b) seven block patterns each of (3.72 
mm X 3.72 mm) covering a dose range of IGy to 20 Gy (as shown in red font).
Figure 6-13: The reconstructed image of PRESAGE™ S22-2 irradiated by a synchrotron X-ray microbeam 
delivered at a dose rate of 80 Gy s ', (a) Sinogram and (b) seven block patterns, each of (3.72 mm x 3.72 
mm) covering a dose range of 8 Gy to 35 Gy (as shown in red font). There is a circular artefact pattern in 
the sample.
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Figure 6-14: Dose response curves for 22 mm diameter PRESAGE™. The blue plotted data shows the 
Optical CT value measured over a dose range of 1 Gy -  20 Gy (S22-1) while the green plotted data shows 
the Optical CT value measured over a dose range of 8 Gy -  35 Gy (S22-2). The error bars show the 
standard error of the mean of the optical density measurement.
Both samples produce the same linear slope indicating that they have the same 
sensitivity of about ~ 8 x 10'  ^per Gy. However, across the dose range, the optical density 
values of the two samples differ by 35%. S22-2 shows the higher Optical CT value. This 
might be caused by difference wiggler gap aperture has been applied for each sample 
irradiation. The wiggler gap aperture has been setup at 52 mm for the irradiation of S22-1, 
while it has been reduce to 24.8 mm for the irradiation of S22-2. There is an unknown 
error in the absolute dose given to the samples - hence no error bars are plotted along the 
X axis - and it has been acknowledged in [258] that the absolute dose deposited for a 
given nominal dose will vary with wiggler gap aperture. As the latter decreases, the 
photon flux increases. However, for the studies here, this effect was not quantified 
independently from the optical measurements.
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6.4.2.2 PRESAGE^M _ 9 .7  mm Diameter
Figure 6-15: The reconstructed image of PRESAGE”^^ S9.7-1 for dose response pattern irradiated by 
synchrotron X-ray microbeam delivered at dose rate of 80 Gy s '\  (a) Seven square block patterns of 
dimension (1.64 mm x 1.64 mm), covering a dose range of 8 Gy to 35 Gy (as shown in green font) and (b) 
the associated sinogram.
Figure 6-16: The reconstructed image of PRESAGE™ S22-1 for dose response pattern irradiated by 
synchrotron X-ray microbeam delivered at dose rate of 80 Gy s '\  (a) Seven square block patterns of 
dimension (1.64 mm x 1.64 mm), covering a dose range of 20 Gy to 80 Gy (as shown in red font) and (b) 
the associated sinogram.
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Further studies on dose response linearity have continued with use of smaller 
sample of 9.7 mm in diameter. The following diagram shows a typical slice from the 
reconstructed image of S9.7-1 (Figure 6-15) and S9.7-2 (Figure 6-16). Seven squares 
pattern of size 1.64 mm x 1.64 mm were created by use of the synchrotron X-ray MRT 
facility, encompassing the dose range 8 Gy up to 80 Gy. The reconstructed images of
S9.7-1 and S9.7-2 were analyzed. Note that the circular pattern observed towards the 
middle of the reconstructed image is due to a ring artifact present in the samples. This was 
attributed to particulates in the fluid and defects (e.g. scratches) on the samples. The 
optical density of the iiTadiated block patterns were measured as the mean of pixel values 
in the rectangular regions of interest.
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Figure 6-17: Dose response curves for 9.7 mm diameter PRESAGE'^’^ . The graph shows the Optical CT 
value measured over the dose range 8 Gy -  80 Gy (S9.7-1 and S9.7-2). The error bars are standard errors of 
means of the optical density.
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The optical CT value change over the dose range investigated (8 Gy to 80 Gy) is 
as shown in Figure 6-17, being from 4.9 x 10'  ^ to 2.7 x 10' .^ The dose response curve 
demonstrates good linearity, with a least squares fit of goodness (r^) of better than 0.992. 
The optical density increased with increasing radiation dose, given to the PRESAGE”^^ 
samples investigated, with an increase of ~3 x 10'  ^Gy"\ In terms of reproducibility, both 
samples have been irradiated at doses of 20 Gy and 30 Gy. The optical density measured 
being identical to within 4.9%. As such, the dosimeter system provides reliability and 
reproducibility in mapping of the radiation dose delivered.
A comparison was made between two samples of different diameter exposed for 
the same dose range (8 Gy to 35 Gy), namely 9.7 mm (S9.7-1) and 22 mm diameter (S22- 
2) samples. The dose response obtained from the larger diameter sample, shown in 
Figure 6.14, has a gradient -63% higher than that for the smaller sample as shown in 
Figure 6-17. The higher response was mainly due to the difference in sample size per 
pixel. Taking this into consideration, the difference in the gradient of response between 
the two samples is reduced to 12% which could be due to contribution from scattering.
6.4.3 Depth Dose and Attenuation Coefficient
Sample S9.7-1 has been used to analyse the radiation response distribution along 
the central axis of the cylindrical PRESAGE™. Figure 6-18 shows the optical density 
change. Evaluation has been performed over 10 mm depth of the sample (1 pixel = 22 
pm). The graph shows that the optical density reduction to be exponential, inline with 
Beer-Lambert Law. The natural logarithm function of optical density change is linear 
with a least square fit of goodness (r^) of 0.99. The linear attenuation coefficient (p) 
observed in this study is -  0.173 cm“\  some about 0.6% lower compared to the linear 
attenuation coefficient obtained in Chapter 5 (0.174 cm'^).
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Figure 6-18: Depth dose distribution along the central axis of PRESAGE™ sample S9.7-1 at a delivered 
dose of 35 Gy dose. The linear attenuation coefficient is 0.173 cm'*.
6.4.4 Independent UV Spectrophotometer Measurement of Dose Response
15 PRESAGE™ samples, contained in cuvettes of (10 mm x 10 mm x 45 mm) 
volume, have been irradiated using the ESRF synchrotron X-ray MRT facility. The 
irradiation covered the dose range 1 to 35 Gy in two separate ranges, the first for a 1 -  20 
Gy and the second for 8 - 3 5  Gy. Irradiated cuvettes were readout using a UV 
Spectrophotometer, model CARY 500 (Varian). The absorbance values measured (per 
cm) were analysed at 633 nm wavelength. Figure 6-19 shows the absorbance spectrum 
(400 -  800 nm) for the stated dose range. Figure 6-20 shows the absorbance response at 
633 nm wavelength over the same dose range. Both graphs represent the good response 
linearity between the absorbance measured by the UV Spectrophotometer over the 
investigated dose range, with the least squares fit of goodness (r^) of better than 0.994. 
Over the dose range 1 to 20 Gy, the absorbance change is 0.041 cm'^ per Gray of dose 
delivered and over the dose range 8 to 35 Gy, the absorbance change is 0.036 cm'^ per 
Gray of dose delivered.
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Figure 6-19: The absorbance spectrum for irradiated PRESAGE™ samples contained in cuvettes, using the 
ESRF synchrotron X-ray MRT facility for the dose range 1- 35 Gy.
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Figure 6-20: The absorbance response curve at 633 nm wavelength over dose range 1 -3 5  Gy. 
Two separate ranges was made: Set 1 (1-20 Gy); Set 2 (8 -  35 Gy)
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6,5 Dose Response and Spatial Resolution
Figure 6-21 shows the reconstructed image of sample S22-4. Four sets of different 
size of slit pattern (52 pm -  416 pm) have been created using the ESRF synchrotron X- 
ray MRT beamline, delivered at the dose rate of 80 Gy s"^  mA'^ covering the dose range 
20 Gy to 80 Gy. The slit patterns created were grouped as A, B, C and D as shown in 
Figure 6-21 (a), where except for D each group consisted of seven sets slit patterns for 
different doses delivered, from 20 Gy to 80 Gy, are apparent. The slit pattern size for A, 
B, C and D are 416 pm, 208 pm, 104 pm and 52 pm respectively.
The dose profile across each set of slit patterns has been evaluated using the IDE 
software program. Figure 6-22 shows the dose profile taken across the slit pattern of each 
group A, B, C and D. For the 416 pm width of slit pattern, the average optical density 
change of each sub set has been measured to range from 0.001 to 0.004 (arbitrary units) 
over the dose range 20 to 80 Gy. For 208 pm width of slit pattern, the average optical 
density change has been measured to range from 0.0009 to 0.003 (arbitrary units) over the 
dose range 20 to 70 Gy, while for the 104 pm width of slit pattern, the average optical 
density change has been measured to range from 0.0008 to 0.0025 (arbitrary units) over 
the dose range 20 to 80 Gy.
Figure 6-21: (a) The reconstructed image of PRESAGE™ sample S22-4, created from four sets of slit 
pattern of different width, covering the dose range 20 Gy to 80 Gy, and (b) the associated sinogram.
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Figure 6-22; Dose profiles mapped by PRESAGE’'’^  for four different size of slit pattern over the dose 
range 20 -  80 Gy. (Al) is 416 pm (80 Gy), (A2) is 416 pm (50 -  70 Gy), (A3) is 416 pm (20 -  50 Gy), (B) 
is 208 pm (20 -  70 Gy), (C) is 104 pm (20 -  80 Gy) and (D) is 52 pm (80 Gy).
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Figure 6-23: The optical density changes (arbitrary units) over the dose range 20 -  80 Gy for different slit 
sizes between 5 2 -4 1 6  pm.
The optical density change over the dose range 20 to 80 Gy is shown in Figure 6 - 
23. The graph shows that over the dose range investigated, good linearity is observed for 
each size of slit pattern (104 -  416 pm), with a least squares fit of goodness of better than 
0.994. The gradient of the dose response increases by up to 40% from slit size 104 pm  to 
416 pm. A smaller slit pattern of 52 pm was also tested; however this was only done for 
80 Gy as it was not expected to be able to resolve the pattern due to system limitations.
These results show that the optical density change per unit dose decreases with 
decreasing size of slit pattern. The slit pattern of smaller size is not able to yield an 
accurate value of optical density over the range of dose delivered. This problem is caused 
by the image reconstruction process which is not able to resolve the smaller size of slit 
pattern. Therefore in the future it would be important to investigate the use of 
deconvolution algorithms, to obtain an accurate dose mapping for the smaller size of slit 
pattern iiTadiation which is used in microbeam radiation therapy.
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6.6  Modulation Transfer Function of P R E S A G E ^m  Radiochromic Plastic 
Dosimeter and Microscopy Optical CT scanner
6.6.1 Line Resolution Analysis
Two PRESAGE™ samples S22-3 and S9.7-3 have been irradiated with different 
sizes of slit width, creating a line resolution test pattern as shown in Figure 6-24 and 
Figure 6-26 respectively. The slit pattern irradiation is aimed to investigate the spatial 
resolution of the dosimeter as well as the capability of new microscopy Optical CT 
scanner as a readout system. For this the MTF analysis has been performed based on slit 
pattern iiTadiation mapped by PRESAGE™. Sample S22-3 was irradiated at 40 Gy, 
creating a bar slit pattern with change in line pair spacing, from 33 pm up to 1.67 mm, as 
shown in Table 6-5. Sample S9.7-3 was irradiated at 50 Gy, creating a bar slit pattern 
with change in line pair spacing, from 18 pm up to 0.372 mm, as shown in Table 6 -6 .
B
E
l l l l l l'iiiiin "I n r i
Figure 6-24; PRESAGE™ S22-3 (left) sinogram taken at slice 150 and (right) reconstructed image of 512 x 
512 matrix size from median filter between slice 100 to 150. The capital letters A to M show the bar slit 
patterns of different line pair spacings, from 33 pm up to 1.67 mm as described in Table 6-5.
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Table 6-5: The line pair resolution of bar slit patterns created on PRESAGE™ sample S22-3. The 
irradiation made use of the ES RE synchrotron X-ray MRT facility, with the dose delivered being 40 Gy.
Bar slit label for S22-3 Line pair resolution (Ip mm'*)
A 0.556
B 0.749
C 0.947
D 1.21
E 0.267
F 1.41
G 8.26
H 11.1
I 13.8
J 3.13
K 4.10
L 1.97
M 2.47
0 0 0 0 0  |H j j |a |  1 0 0 0 1
E
Figure 6-25: PRESAGE™ S9.7-3 (left) sinogram taken at slice 150 and (right) reconstructed image of 512 
X  512 matrix size from median filter between slice 100 to 150. The capital letters A to N show the bar slit 
patterns and different line pair spacings, from 18 pm up to 0.372 mm as described in Table 6-6.
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Table 6-6: The line pair resolution of bar slit patterns created on PRESAGE^^ sample S9.7-3. The 
irradiation made use of the ES RE synchrotron X-ray MRT facility, with the dose delivered being 50 Gy.
Bar slit label for S9.7-3 Line pair resolution (Ip mm'*)
A 1.28
B 1.84
C 2.36
D 3.07
E 0.649
F 3.54
G 4.60
H 25.6
I 32.5
J 9.20
K 11.5
L 4.60
M 18.4
N 6.13
Figure 6-26 shows the dose profile across each slit pattern irradiated on sample 
S22-3, with line pair spacings from 33 pm up to 1.67 mm. The dose profile shows that the 
system is able to resolve up to 8.3 Ip m m '\ The MTF curve is plotted in Figure 6-28. The 
MTF curve shows that 20% of the MTF value is about -3.6 Ip mm"\
Figure 6-27 shows the dose profile across each slit pattern irradiated on sample
S9.7-3, with line pair spacings from 18 pm up to 0.372 mm. The dose profile shows that 
the system is able to resolve up to 18 Ip m m '\ The MTF curve is shown in Figure 6-29. 
The MTF curve shows that 20% of MTF value is about -15 Ip m m '\ Using the slit 
pattern method, it is show that the dosimeter system is able to visualise to -55 pm.
The dose profile plotted in both Figures 6-26 and 6-27 are slightly curved near 
the edges of the sample. This can be clearly seen in some of the profiles, for example in 
profile A in Figure 6-27. This circumstance is due to effects of mismatch in the refractive 
index between the sample and matching liquid. This can be seen to be more significant in 
the area of irradiation near the boundary of the sample.
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Figure 6-26: Dose profile mapped by PRESAGE^*^ sample S22-3 for each bar slit size irradiated, as 
labelled by capital letters from A to M
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Figure 6-27: Dose profile mapped by PRESAGE’'^ sample S9.7-3 for each bar slit size irradiated, as 
labelled by capital letters from A to N
©A.T. Abdul Rahman 2011 182
Microscopy Optical Computed Tomography Scanner o f  3-D PRESAGE^^* Dosimetry Systems
Study o f  a 1-D and a 3-D Detectors fo r Application in Radiation Therapy
0.8 -
0.6
0.4
0.2 -
X
X
X
X
X
X
Spatial Resolution (Ip mm' )
X
10
Figure 6-28: Modulation transfer function curve obtained from S22-3. The system shows capability to 
visualise up to ~8 Ip mm'*.
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Figure 6-29: Modulation transfer function curve obtained from S9.7-3. The system shows capability to 
visualise up to -18 Ip mm *.
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6.6.2 Knife Edge Analysis
A knife edge pattern has been used as a second method to analyse the MTF of the 
dosimetry system. This has been well described in a previous chapter, also using a 60 mm 
diameter size of PRESAGE™ sample. For the microscopy Optical CT system, two 
samples have been used, namely 22 mm and 9.7 mm diameter size. For this, sample 822- 
2 and S9.7-2 will be used for the MTF analysis as the block pattern created can be used as 
knife edge pattern. Figure 6-30 shows the reconstructed image and the location where the 
MTF have been performed for both PRESAGE™ samples.
Figure 6-30: The reconstructed image of PRESAGE™ sample S22-2 (a) and S9.7-1 (b). Red box on the 
image shows the location of where the knife edge analyses have been performed.
Using an IDE program, the edge spread function (ESF) and line spread function 
(LSF) of the samples were determined. The MTF curves were then plotted as shown in 
Figure 6-31 and 6-32 for S22-2 and S9.7-1 respectively. The results show the MTF at 
20% for S22-2 and S9.7-1 to be -2.5 Ip mm'^ and 8.5 Ip mm'^ respectively. Using the 
knife edge method, it is show that the dosimeter system is able to visualise to -65 pm.
Comparison was made between the MTF value obtained via slit pattern analysis 
and knife edge pattern analysis. Results show that the value of MTF at 20% measured 
using knife edge analysis for both samples (22 mm and 9.7 mm) to be somewhat lower at 
about 29% and 43% respectively. Figure 6-33 shows the summary MTF curves obtained 
using both methods for both samples size.
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Figure 6-31: Knife edge analysis of S22-2, (a) Edge spread function, (b) line spread function and (c) 
normalised MTF.
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Figure 6-32: Knife edge analysis of S9.7-1, (a) Edge spread function, (b) line spread function and (c) 
normalised MTF.
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6.7 Verification of Synchrotron Microbeam Radiation Therapy Treatment
6.7.1 Peak and Valley Dose Ratio (PVDR)
As previously indicated, one of the most important aspects of dosimetry in 
microbeam radiation therapy is to determine the absolute dose deposited in the peaks and 
in the valleys region, because this is related to radiation damage of the tissues and sparing 
effects. Three PRESAGE™ samples were used to investigate the peak and valley dose 
ratio (PVDR). Irradiation has been delivered, formed of a 10 mm x 10 mm aiTay of 
parallel microbeams of nominal FWHM 50 pm and 400 pm centre-to-centres (c-t-c). Four 
PRESAGE™ samples named as S22-5, S22-6, S I8-1 and S I8-2 were irradiated at 70 Gy, 
150 Gy, 300 Gy and 600 Gy. Figure 6-34 shows an example of a projection image and 
sinogram taken from sample S I8-1. Using the microscopy Optical CT system, a 
reconstructed image has been obtained, taken from slice 300, as shown in Figure 6-35. 
The dose profile across the parallel anay irradiated was evaluated to resolve the PVDR 
value.
Figure 6-34: An example of image projection and the associated sinogram of PRESAGE'’''^  sample S I8-1. 
The irradiation delivered formed a 10 mm x 10 mm array of parallel microbeams of nominal FWHM 50 pm 
and 400 pm centre-to-centres (c-t-c).
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Figure 6-35: Reconstructed image of PRESAGE™ samples formed of a 10 mm x 10 mm array of parallel 
microbeams of nominal FWHM 50 pm and 400 pm centre-to-centres (c-t-c). Image was taken from slice 
300, (a) S22-5 (70 Gy), (b) S22-6 (150 Gy), (c) S I8-1 (300 Gy) and (d) S I8-2 (600 Gy). Note that an 
artefact was observed due to the reconstruction process and the high dose delivered.
The above figures show that there are a number of issues about the quality of the 
reconstructed image obtained. A set of striped artefacts occur around the irradiated area of 
parallel arrays of microbeam, caused by the high radiation dose delivered. This is 
probably due to CT reconstruction limitation in highly attenuating areas, such as in the 
microbeam anays shown in the figure. However, further investigation is needed to 
identify the causes of the aitefact which probably may be improved by increasing the 
light intensity used to scan the sample.
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Figure 6-36; Dose profile across 10 mm x 10 mm array of parallel microbeams of nominal FWHM 50 pm 
and 400 pm of c-t-c, (a) S22-5 (70 Gy), (b) S22-6 (150 Gy), (c) SI 8-1 (300 Gy) and (d) SI 8-2 (600 Gy).
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Figure 6-37: Dose profile across 10 mm x 10 mm aiTay of parallel microbeams of nominal FWHM 50 pm 
and 400 pm of c-t-c, taken from different depths of S22-6 (150 Gy), (a) 27 mm, (b) 34 mm and (c) 41 mm.
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Figure 6-38: Dose profile across parallel microbeams of nominal FWHM 50 pm and 400 pm of c-t-c with 
three different arrays of planar beam size of (a) 10 mm x 10 mm, (b) 20 mm x 20 mm, and (c) 30 mm x 30 
mm. The irradiation delivered a dose of 150 Gy and the analysis has been taken from slice 150 of S22-6, 
S I8-3 and S I8-4.
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Dose profiles across 10 mm x 10 mm arrays of parallel microbeams of nominal 
FWHM 50 pm and 400 pm centre-to-centres (c-t-c), for a dose delivered of 70 Gy, 150 
Gy, 300 Gy and 600 Gy, have been plotted as shown in Figure 6-36 (a), (b), (c) and (d) 
respectively. The PDVR values are 4.2, 4.3, 3.0 and 3.2 respectively.
Further investigation has been made to observe the PVDR values against depth. 
Analysis made use of PRESAGE™ sample S22-6 which was irradiated with 150 Gy of 10 
mm X 10 mm array of parallel microbeams of nominal FWHM 50 pm and 400 pm c-t-c. 
The optical CT value of peaks and valleys has been measured at depths of 27mm, 34 mm 
and 41 mm. The profile across each depth is shown in Figure 6-37. Results show that the 
PVDR value is decreased with increasing depth, being is 6.5, 4.1 and 3.2 respectively. At 
14 mm depth, the PVDR was reduced by 51%. This can be compared against results 
obtained by MOSFET dosimetry [250] for 50 pm and 400 pm c-t-c, over 20 mm depth; 
the PVDR value decreased by 17%. The PVDR measured at 8 mm and 28 mm depth are 
41 and 34 respectively [250] which is much higher in comparison to the results obtained 
in this experiment.
A study also has been made to investigate the change in PVDR value against 
microbeam array size. For this, irradiation has been for a delivered dose of 150 Gy, for 
three different arrays of parallel microbeams, 10 mm x 10 mm, 20 mm x 20 mm, and 30 
mm X 30 mm of nominal FWHM 50 pm and 400 pm c-t-c. Figure 6-38 shows the profile 
taken across a 10 mm x 10 mm field from sample S22-6, 20 mm x 20 mm from sample 
S18-3, and 30 mm x 30 mm from sample S I8-4. Results obtained show that PVDR value 
decreases with increase in microbeam array size, being 6.5, 2.7 and 2.3 respectively. As 
expected, larger microbeam arrays (with microbeams of larger height) produce more 
scattered photons and therefore reduce the PVDR. In addition, if the c-t-c spacing remains 
the same, there are more microbeams in a larger array which also produces more X-ray 
scattering. Table 6-7 shows a summary of the PVDR analysis obtained.
The PVDR value obtained in this study are generally shown be much lower 
compared to the PVDR value measured by MOSFET dosimetery [250], TLD dosimetry 
[252] and also Monte Carlo simulation [245]. The PVDR value measured by TLD 
dosimetry [252] for 10 mm x 10 mm array of parallel microbeams of nominal FWHM 50 
pm and 400 pm c-t-c is 105 and from simulated PVDR is 119, while the highest PVDR 
measured in this study is 6.5. As discussed in section 6.5 (Dose Response and Spatial
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Resolution), we have noticed that the optical density measured decreases with smaller slit 
size irradiated. Therefore, the lower PVDR obtained in this study is most probably due to 
limitation of the system to resolve optical density for smaller slit size irradiation. Thus in 
future it will be important to investigate the possibility to correct for this using 
deconvolution algorithms.
Table 6-7: Peak-to-valley dose ratio (PVDR) at the centre of planar array of equally spaced o f 50 pm 
microbeams and 400 c-t-c, travelling along the axis o f 60 mm long PRESAGE™
PVDR vs. Dose 
(10 mm X 10 mm planar array of microbeam size)
Dose(Gy) 70 150 300 600
Peak to Valley Dose Ratio (PVDR) 4.2 4.3 3.0 3.2
PVDR vs. Depth
(150 Gy dose delivered at 10 mm x 10 mm planar array of microbeam size) 
Depth (mm) 27 34 41
Peak to Valley Dose Ratio (PVDR) 6.5 4.1 3.2
PVDR vs. Planar Array Microbeam Size 
(150 Gy dose delivered)
Planar Array Microbeam Size (mm^) 1 0 x 1 0  20 x 20 3 0 x 3 0
Peak to Valley Dose Ratio (PVDR) 6.5 2.7 2.3
In addition, we also notice that striped artefacts exist above and below the 
irradiated region and this can affect pixel intensities in the surroundings. The mismatch of 
the matching liquid may also contribute to a less uniform reconstructed image. Therefore, 
the matters discussed above should be addressed in further investigations to improve the 
quality of images, to provide a more accurate PVDR analysis.
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6.8 Conclusions
A study of 3-D dosimetry for microbeam radiation therapy application has been 
carried out using PRESAGE™ radiochromic plastic medium. An investigation has been 
performed to consider the peak-to-valley dose ratio (PVDR) and verify the cross-firing of 
MRT treatment. With regard to the small volume of radiation applied in MRT, herein 
small size of PRESAGE'^^ (22 mm diameter and 9.7 mm diameter) have been used with 
an associated microscopy Optical CT scanner. Based on a CCD parallel beam Optical CT 
system, a compact readout system supporting the microscopy Optical CT scanner has 
been developed by changing the zoom lens to a microscopy lens, removed the converging 
lens and changing to a large field size o f light source. The dosimetric system has been 
characterised, in terms of dose response linearity, the MTF and spatial resolution, to allow 
further investigations of MRT applications.
The PRESAGE™ dosimeter shows good linearity up to the 80 Gy dose 
investigated, the least squares fit of goodness (r^) being better than 0.978. Using 
independent measurement by UV spectrophotometer, a well-behaved relationship is 
obtained between the absorbance (cm'^) and the optical density change measured by the 
microscopy Optical CT scanner, the least squares fit (r^) being better than 0.992. The 
PRESAGE^^ dosimeter also reveals good stability when stored under refrigeration 
temperatures, the rate of colour bleaching averaging -0.2% per 24 hours. The study also 
shows the optical density value decreases with decrease of radiation field size, indicating 
that the total absorbed dose reduces with narrowing of the radiation beam. In terms of 
spatial resolution, using a 9.7 min diameter sample of PRESAGE™, the associated 
microscopy Optical CT scanner is able to resolve up to 18 Ip mm"  ^ (-55 micron). From 
MTF analysis, the slit pattern method produced a value some 43% larger than that 
obtained using knife edge method at 20% MTF value.
Further investigation has been performed to examine the PVDR properties for MRT 
application. Investigations have been performed to investigate the PVDR value change 
over dose delivered, depth and microbeam array size. In this study, the PVDR value 
obtained decreases with increasing dose, depth and microbeam array size. However, the 
PVDR value obtained is much lower compared to measurements and Monte Carlo 
simulation reported in the literature and we suggest that this is a resolution and MTF- 
related limitation of our system, which might be overcome via deconvolution approaches.
© A.T. Abdul Rahman 2011 195
Conclusions and Future Work
Study o f a 1-D and a 3-D Detectors for Application in Radiation Therapy
Chapter 7
7 Conclusions and Future Work
7.1 Introduction
Recent advances in radiation therapy treatment techniques place great demands on 
the performance of radiation dosimetry systems. The essential goal of radiation therapy is 
to obtain the greatest possible local and regional tumour control, with the least 
complications, leading to considerable need for precision and accuracy of dosimetry. This 
thesis has detailed dosimetric study of a 1-D and a 3-D detector system for applications in 
radiation therapy. The 1-D detector used is formed of doped silica optical fibre, a 
particular focus being on its applications in interface radiation dosimetry. Conversely, 
study of a 3-D detector system formed of a polyurethane plastic material known as 
PRESAGE’'’^  has focused primarily upon on its application in microbeam radiation 
therapy and associated quality assurance of the Optical CT scanner. These studies have 
highlighted a number of advantageous characteristic of the types of detector investigated 
herein when viewed against the various challenges, while at the same time establishing 
limits on performance in both cases. These performance characteristics. will be 
summarised in the following concluding statements.
7.2 Germanium Doped SiOz Optical fibre Dosimeter
In present study, commercially available Ge-doped silica optical fibres have been 
shown to possess a number of desirable TL characteristics, in terms of dose stability, 
linearity of response, sensitivity to dose, a glow curve indicating deep trapping levels 
compared with TL phosphors with associated minimal fading and of size sufficiently 
small to negate the need for tissue equivalence, linked to the Bragg-Gray cavity theory. 
Towards this end, present studies have also established procedures and methodology for 
characterizing the TL yield of Ge-doped SiOi optical fibres.
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7.2.1 TL Characterisation
As previously introduced, a number of properties of Ge-doped 8 %  optical fibres 
have been characterised with the intention of investigating the feasibility of using this 
dosimeter for applications in interface radiation dosimetry. Based on present study, the 
TL response of non-screened Ge-doped SiOi optical fibres to fixed doses of photon and 
electron beams was found to vary to within 10% S.D. of the mean of the response 
distribution. This results from non homogeneous dopant concentration along the optical 
fibre, occurring as part of the manufacturing process. It is thus apparent that for improved 
precision a screening process is needed, as carried out in this study for every new batch of 
Ge-doped SiOz optical fibre used. As a result of the screening process, the selected Ge- 
doped Si0 2  optical fibres were subsequently found to produce a flat response to fixed 
photon and electron doses, to within better than 3% (1 S.D) of the mean of the TL 
distribution. In addition Ge-doped SiOi optical fibres have been also demonstrated to 
provide good reproducibility and reusability; calculated as the percent error (1 S.D.) of 
the means of five individual sets of measurements, the variation is within 0.5 %. Further, 
statistical r-test analysis of paired means also showed there to be no significant difference 
between the sets of repeated measurements. Also observed was that irradiated Ge-doped 
Si02 optical fibres only gave rise to small signal fading, with an average loss of TL signal 
of -0.4% per day within the first week post irradiation, increasing to 1.2% per day over 
the second week.
Ge-doped Si02 optical fibres have been irradiated by a comprehensive range of 
photon sources, from the traditional bremsstrahlung sources generated at kilovoltage to 
megavoltage potential, through to a synchrotron X-ray source applied in microbeam 
radiation therapy (MRT) investigations. Ge-doped Si02 optical fibres have been shown to 
provide good dose response linearity from a fraction of IGy up to 2 kGy. In addition, in 
comparing the TL yields, at 90 kVp the TL yields have been observed to be five times 
greater than that obtained at 6 MV of photon iiTadiation at 30 Gy doses, the latter being 
the result of the greatly reduced photoelectric absorption, noting that the Ge-doped Si02 
optical fibre has an effective atomic number of 11.4. In also comparing between the TL 
yields resulting from superficial X-ray beam and synchrotron X-ray MRT irradiation at 
the same dose delivered (30 Gy), there was again considerable difference in response. In 
addition to photoelectric absorption differences, this difference may also be due to the 
dose rate applied for each system. It is well appreciated that an extremely high dose rate is
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delivered by the synchrotron X-ray MRT beam (80 Gy s'^) compared to that provided by 
the superficial X-ray beam (222 cGy min'^). A lower dose-rate allows sufficient time for 
completing of response due to irradiation compared to higher dose rate, with higher TL 
yields per unit dose observed, an effect otherwise referred to as the “Schwarzschild 
effect”. Thus said, at the nominal dose rate applied in conventional radiotherapy a 
reduction of less than 3% is observed in changing from delivery of photon dose at the rate 
of 100 cGy min'^ to 600 cGy min"\ increasing to 4% for an electron beam dose rate of 
1000 cGy min^ compared again to a dose rate of 100 cGy min"\
7.2.2 Interface Radiation Dosimetry
Initial study of interface radiation dosimetry concerned measuring the dose 
enhancement that results from use of iodinated contrast media, a possible application 
being in radiation synovectomy, overcoming the risk in using radioactive material in 
treatment of the inflamed synovia of leaky joints. This study has demonstrated that Ge- 
doped SiOz optical fibres provide high sensitivity and the ability to measure the 
significant dose enhancement when using iodinated contrast media. The TL yields have 
been found to be some 60% greater in the presence of iodine than that obtained in its 
absence, measured in polyurethane and PMMA media. This has been verified by Monte 
Carlo simulation, indicating a TL yield enhancement of 64% and 61% predicted in the 
presence of iodinated media for polyurethane and Perspex respectively. Future studies are 
required, particularly in regard to optimisation of possible experimental protocols as well 
as in Monte Carlo simulation for more accurate evaluation.
Present study also prompts investigation of the use of convertor material with 
higher atomic number including gold (vgAu) and platinum (vsPt), acknowledging the 
already existing knowledge of biochemical chrysotherapy (therapy with gold-containing 
agents) and cisplatin drug treatment of cancer. It is thus also appreciated that 
radiotherapeutic dose enhancement is not simply limited to radiation synovectomy 
applications but also shows promise in brachtherapy of cancer. It would also be of interest 
to evaluate the dose enhancement factor (DBF) for different concentrations of the various 
convertor agents. In the future there will also be a need to verify the total dose delivered 
in irradiation using an independent form of dosimeter for calibration. Present study has 
made use of fibres with a 9 pm diameter core of dopant concentration. In a pilot study not
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reported herin, it is apparent that the performance of fibres with the larger core diameter 
size can give rise to increased sensitivity of TL response.
A second interface dosimetry application studied herein concerned UV radiation 
exposure, investigating the feasibility of use of Ge-doped Si02 optical fibre dosimeters in 
PUVA treatment for skin cancer. Results obtained herein show there to be a linear 
response, with further studies needed of increased sensitivity fibres as discussed above. A 
comprehensive study is also needed to establish the TL response of Ge-doped Si02 
optical fibre for a greater range of UV wavelengths, including from natural UVR 
especially during peak sunny periods.
7.3 PRESAGE™ Radiochromic Plastic Dosimeter
The second major theme of present studies concerns of performance of the 
radiochromic plastic dosimeter PRESAGE'^^ and the associated Optical CT scanner, a 3- 
D system for applications in radiation therapy dosimetry. In particular the focus is upon 
detailed evaluation of the combined system for sophisticated treatments in radiation 
therapy, for verification of complex three-dimensional treatment volumes. Current 
dosimetry used in radiation therapy such as ion chamber, radiochromic film and TLD are 
limited to 1-D and 2-D and this makes its difficult to integrate dose over 3-D treatment 
volumes. PRESAGE™ dosimeters have been applied to this challenge and hold enormous 
promise for future applications in treatment planning and dosimetry. Therefore, present 
studies have established the procedures and methodology in quality assurance (QA) of the 
evaluation system of Optical CT scanners and also for characterizing the PRESAGE™ 
dosimeter associated with MRT properties.
7.3.1 Optical CT scanner
It is clear from present study that irradiation of PRESAGE™ using the MRT 
facility at the ESRF makes available the creation of high precision phantoms for Optical 
CT scanner quality assurance. In comparing to commercially available test objects, while 
the latter are limited to characterisation of the CCD system, the PRESAGE’''^ test object 
makes possible image reconstruction and 3-D distribution evaluation. The dose response 
linearity test object shows the combined PRESAGE™ dosimeter and associated Optical 
CT scanner system to be capable of providing good linearity of dose up to 80 Gy. The
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threshold dose observed is 3 Gy. In regard to UV evaluation, the values measured on the 
Optical CT scanner correlated extremely well with those measured using the UV 
spectrophotometer, with linear correlation (r^) of better than 0.997. The dosimeter also 
shows very good stability with the rate of colour darkening ~ 0.2% per 24 hours; this 
indicates the QA test object may be reused for several times allowing exchanges between 
different laboratories.
Three different methods of MTF analysis of the system were performed, with a 
significant difference in the MTF result being obtained. The slit pattern test object shows 
higher MTF compared to use of sinusoidal test pattern and knife edge test pattern. Two 
knife edge patterns have been analysed from a transverse image and a coronal image 
taken from the same PRESAGE^m sample. These show that the coronal image knife edge 
gives a closely similar MTF to that obtained by the' slit test pattern. We also speculate 
that due to scattering, there is a mismatch between the matching liquid and sample. The 
presence of artefact in PRESAGE^^ in some cases probably contributes to reduction of 
the MTF obtained in this study compared to the absolute MTF value of the CCD camera 
taken from direct projection in the air [215]. Although there is a limited resolution of the 
scanner, it is evident from this study that parallel beam Optical CT and microscopy 
Optical CT system still makes possible visualisation of detail to 2.6 Ip mm'^ (~ 380 
micron) and 18 Ip mm'^ (~ 55 micron) respectively. The origin of the difference between 
the transverse knife edge and slit MTF’s is not clear and more investigation would be 
needed to decide which of the two a more accurate measure of scanner’s performance is. 
The difference between the transverse and coronal knife edge occurs because they are 
reporting on different aspect of performance. Since each slice is reconstructed 
independently, the coronal knife-edge MTF is telling us about how well adjacent vertical 
lines are resolved in projection by the camera and this should approach the shown in 
[215]. By contrast, the transverse or in-plane MTF is related to the CT reconstruction 
itself. The distortion test object produced in this study shows that there is no significant 
geometry distortion observed for the Optical CT scanner.
Further investigation has been performed by exposing the PRESAGE'^^ 
dosimeters to UV radiation, in order to discover an alternative test objects produced 
through use of the MRT facility at the ESRF. Based on this study it is shown that the 
optical density measured by the Optical CT system increases with increase in the intensity 
of UVR exposure. However, there is a need to establish a protocol and procedures for the
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experiment in order to identify the UVR range response of the PRESAGE™ dosimeter 
and the equivalent energy deposited. The attenuation of UVR along the PRESAGE™ 
measured in this study is 0.89 cm '\ indicating that the rate of signal loss along the 
material is large compared to that of X-ray photon irradiation. In addition, the system also 
demonstrated the ability to resolve the Keren’s resolution test pattern.
In the future, it would be essential to extend this study to the acquisition of images 
of matrix size 1024 x 1024. To implement this recommendation, the computational 
system covered would require an upgrade including software and memory configuration 
changes. Based on the reconstructed images obtained in this study, it is important to 
review the research procedures in the future, especially in the imaging protocol of the 
Optical CT scanner in order to minimise the artefact and noise of the image. This includes 
the matching liquid formulation, which varies from batch to batch of the PRESAGE™ 
samples. We also propose a pre-scan procedure to reduce ring artefacts and to mitigate 
against effects of high intensity irradiated due to existing artefact in the sample itself.
7.3.2 Microbeam Radiation Therapy Dosimetry
It has been shown that the PRESAGE’'’^  plastic dosimeter makes possible a new
3-D dosimeter for use with the synchrotron X-ray microbeam radiation therapy (MRT) 
facility at the ESRF. Using the small-volume cylindrical PRESAGE™ dosimeter with 
associated of microscopy Optical CT scanner, the system is able to map the peak-to- 
valley dose verification formed by 10 mm x 10 mm parallel arrays of MRT beams of 
nominal FWHM 50 pm and 400 c-t-c. It is clearly shown from this study that PVDR 
values mapped by the PRESAGE™ dosimeter decreases with increasing depth and planar 
microbeams array size. This is probably due to scattering which increases with increasing 
depth and microbeam size. However, the PVDR value obtained in this study is much 
lower compared to the literature reviews. Further investigation has been suggested to take 
into account in the future, to improve the application of PRESAGE^^ and microscopy 
Optical CT scanner in measuring the PVDR value of MRT treatment. It would also be an 
interest of this study to verify the MRT treatment. The PRESAGE™ plastic dosimeter 
with an associated microscopy Optical CT scanner provides a particularly promising 
dosimetry system for 3-D verification of MRT treatment.
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